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Abstract 

The contamination of optical surfaces by irradiation shortens optics lifetime and is one of 

the main concerns for optics used in conjunction with intense light sources, such as high 

power lasers, 3rd and 4th generation synchrotron sources or plasma sources used in 

extreme ultraviolet lithography (EUVL) tools. This paper focuses on properties and 

surface chemistry of different materials, which as thin layers, could be used as capping 

layers to protect and extend EUVL optics lifetime. The most promising candidates 

include single element materials such as ruthenium and rhodium, and oxides such as TiO2 

and ZrO2. 
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1. Introduction  

1.1 Background 

 

The semiconductor industry is driven by Moore’s law1, which predicts that the number of 

transistors on a microprocessor doubles every 18 months. The smallest feature size 

currently (2007) produced in volume fabrication is 65 nm obtained with 193 nm and 248 

nm wavelength of light. Although fabrication of sub-wavelength features is possible 

utilizing various effects such as immersion techniques and phase-shifting masks, 

additional minimizing requires a shift to even shorter wavelengths. Extreme ultraviolet 

lithography (EUVL), using 13.5 nm wavelength, has emerged as one of the most 

promising next generation lithographic techniques. Radiation at these short wavelengths 

is strongly absorbed by any matter and therefore the EUVL tools need to operate in 

vacuum. Also, lenses used in traditional optical lithography have to be replaced with 

multilayer-coated2 reflective optics with high EUV reflectivity and wavelength 

selectivity. 

The basic principle behind the multilayer mirror is simple. A multilayer is an artificial 

structure with a large number of interfaces (Figure 1). A single interface reflects a small 

fraction of an incident beam. However, the reflectivity increases dramatically if the 

reflected beams from all the interfaces in the multilayer add in phase. Multilayers obey 

Bragg’s law which means that constructive interference occurs for a given wavelength 

and angle of incidence if the layer thicknesses are properly chosen. The highest 

reflectance is usually achieved by choosing materials with the largest difference in their 

refractive indices and extinction coefficients. This means that one material is more 
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absorbing (absorber) while the other material is more transparent (spacer). For the EUV 

range the best material pair seems to be Mo and Si. 

 

EUV reflective optics consist of precisely figured substrates coated with alternating 

layers of Mo and Si.  A multilayer pair or unit consists of one Mo and one Si layer and is 

only about 7 nm thick. A typical multilayer consists of 40-60 repeats of this unit and 

usually ends with a Si layer, which partially oxidizes when exposed to the air. Individual 

layer thicknesses in the EUV multilayer are about 2.8 nm for Mo and 4.2 nm for Si, 

respectively.  

 

In the EUVL tools, with a vacuum of about 10-5 Pa, the surfaces of such multilayer-

coated mirrors are exposed to EUV radiation in the presence of residual contaminants 

(primarily water vapor and hydrocarbons), which leads to optics contamination 

(oxidation and carbon deposition). At EUV wavelengths even a small increase in oxide or 

carbon layer of only few nm causes a measurable reflectivity decrease. Yet, reflectivity 

has to be stable within 1% in high volume manufacturing (HVM) lithography because the 

optical throughput is proportional to: 
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where R is the reflectance of the ith multilayer mirror and n is the number of reflective 

mirrors in the EUVL tool (Figure 2). These HVM tools might contain 9 or more 

reflective mirrors and any small change in reflectivity will lead to a noticeable change in 

their throughput. Hence, optics lifetime is one of the critical issues for the success of this 
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technology and different strategies to impede oxidation and contamination3,4,5,6,7,8 have 

been studied. One way to extend the lifetimes of the projection optics is by coating the 

multilayers with thin (~ 2 nm) capping layer9,10,11,12,13,14,15 films (Figure 1) that reduce the 

build-up of contamination. In this paper we evaluate most of the solid phase elements in 

the periodic table and their material combinations as possible capping layer candidates 

for EUVL applications.  

 

In addition to the aforementioned application in the semiconductor industry16,17,18,19 these 

high-reflectivity multilayer mirrors enabled a new class of telescopes for solar physics 

and astronomical research20,21,22,23, are being used as diagnostic elements in laser science 

and research,24 as focusing Kirkpatrick-Baez25 mirrors, and zone plates in soft x-ray 

microscopes26,27,28,29,30  and as hard x-ray microscopes at synchrotron facilities.31,32 

Recently, multilayers also enabled breakthrough experiments in free electron laser (FEL) 

applications.33,34,35,36,37  

 

1.2 Motivation and Objectives 

 
The HVM tools for EUVL require optics with 30,000 light-on hours of lifetime. This 

represents 10 years of continuous use.38 Other examples, where Mo/Si multilayers 

operate in a similar wavelength region and require long optics lifetimes, are mirrors on 

the Extreme-Ultraviolet Imaging Telescope (EIT)39 on SOHO that is being used for 

imaging solar corona20 and mirrors on the Transition Region and Coronal Explorer 

(TRACE)22, whose primary mission is to study magnetic fields and the associated plasma 



   

 5

structures on the Sun. Both SOHO’s EIT and TRACE instruments are still working after 

11 and 8 years in space, respectively. However, the space optics operates in somewhat 

different environment than the optics for EUVL applications. The main concern for space 

optics is their stability at slightly elevated temperature40 and the effect of O atom 

bombardment, a likely environment for optics used in satellite instruments in lower Earth 

orbit. Since the temperature in EUVL exposure tools needs to be extremely stable the 

thermal effects on projection optics coatings should be negligible. Carbon contamination 

on mirror surfaces irradiated with short wavelength radiation is also a well known 

problem in the synchrotron and laser communities.41 Different carbon cleaning 

procedures, on- and off-line, have been successfully implemented without noticeable loss 

in mirror reflectivity.42,43,44,45,46  

 

The EUVL exposure tools with high power ionizing photon sources operate in ~10-5 Pa 

vacuum. The traditional strategies for obtaining and maintaining ultra-high vacuum 

cannot be used in these tools so the residual water and other contaminants in the presence 

of EUV photons oxidize and degrade the optics surface. Both oxidation and carbon 

deposition on the optical surfaces reduce the reflectivity of the optics and can introduce 

wavefront aberrations. The overall effect is not only the reduction in the throughput of 

the exposure tool but also a reduction in printing uniform features47. Despite recent 

progress obtained by the combination of oxidation-resistant capping layers and in situ 

cleaning strategies that attempt to leverage chamber gas-surface interactions to impede 

oxidation and contamination48,49,50,51,52,53, optics lifetimes still fall short of specifications 

for high volume manufacturing by nearly two orders of magnitude. Hence, the short EUV 
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(13.5 nm) wavelength creates a range of technological challenges not present in the 

traditional lithographies. The EUV optics researchers, confronted with the failure of 

phenomenological approaches to extend optics lifetime, are now finding themselves 

occupied with fundamental surface science54,55 to understand the range of gas/surface 

interactions possible for projection optics rather than with the development of detailed 

manufacturing specifications or lifetime test protocols, as originally expected. To develop 

a commercially viable EUVL exposure tool, workers must create a stable process 

window for in situ optics cleaning that strikes the appropriate balance between carbon 

deposition and oxidation by finding the “right” combination of protective capping layer 

and projection optics chamber background gases. In an ideal world, a judiciously chosen 

material would allow EUV lithographers to altogether avoid one or the other destructive 

processes. A neat and tidy solution of this kind has not yet materialized; this means that it 

is necessary to undertake a survey of broad range of existing materials and to subject 

them to optics performance criteria. These have evolved over the past several years while 

attempting to understand the degradation of and to elucidate the structure-function 

relationship for EUV optics capping layers. 

 

The paper follows our thought process. We first introduce the design criteria of the ideal 

capping layer candidates where both optical and structural (surface) properties are 

equally important. Then we simulate the optical performance for all solid phase elements 

and material combinations for which we have available optical constants. The simulations 

assume these candidates being deposited on the top of the multilayer stack with ideal 

properties (full coverage, no roughness, no interdiffusion, etc.). Only the candidates that 
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satisfy the gating/evaluation criteria (adding the capping layer causes < 1% reflectivity 

drop for pure elements and <2% reflectivity drop for compounds) are evaluated further 

for their surface chemistry performance. In particular we consider their chemical stability 

and various aspects of their surface reactivity including radiation damage and thermal 

stability. The environmental health and safety concern are briefly discussed in a separate 

section. Once the best materials are selected based on these gating criteria we discuss 

how to actually make them. Possible ways are described in sections on thin film 

fabrication and vacancy management. We conclude with a summary of our findings and 

proposed solutions. 

 

2. Design Criteria 

2.1 Optical Properties 

 

Recent research concerning degradation mechanisms of EUV optics12,54 has refined the 

concept of what comprises a successful protective capping layer. To a large extent the 

design criteria have evolved with the state of knowledge concerning capping layer 

surface chemistry and nanostructure. Certain requirements are largely self-evident 

especially those that pertain to optical performance and specifications for producing 

smooth, continuous films. 

 

First, a suitable protective capping layer for EUV optics must have optical properties 

such that the reflectivity (at λ = 13.5 nm) of the entire multilayer interference coating, 

capping layer included, does not drop below a level that would render it unsuitable for 
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lithographic purposes. In theory this would seem to enable many of a number of material 

designs but in practice researchers are severely inhibited by the requirement that the film 

in question must also be made continuous and smooth (~0.2 nm high spatial frequency 

roughness) over only several nanometers of thickness, in order that the EUV reflectivity 

of the film stack is preserved. Indeed, in this work, it is apparent that only two 

nanometers—in a few cases, three—of capping layer material can be tolerated. If this 

were not sufficiently challenging, this capping layer must also be deposited at low growth 

temperatures (<200° C) to avoid intermixing with the underlying multilayer mirror stack.  

 

2.2 Structural (Surface) Properties 

 

The optical design criteria do not include the nanoscale capping layer properties and 

complex surface chemistry that must be coordinated in order to prevent degradation of 

the layers. Until relatively recently, it was not clear that reactivity with respect to C and O 

was the crucial gating criterion. Ideally, the surface of the material should be engineered 

such that C and O atoms are induced to recombine on optics surfaces to form CO or CO2, 

which could then be desorbed thermally or by electron- or photon-stimulated desorption 

processes associated with the incident EUV flux. Or, these mechanisms could be 

exploited in a hydrocarbon-rich environment by introducing water vapor or other 

oxidizing gases in appropriate amounts to minimize carbon deposition. In practice, how 

to do this for a given material and microstructure is not clear. Candidate capping layers 

must be coordinated with background chamber gases to strike the appropriate balance 

between carbon and oxide deposition, while also being designed to be sufficiently dense 
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to prevent the uptake of oxygen or other contaminant molecules. If the capping layer is 

polycrystalline, this layer of nanometer-scale thickness should have a grain 

structure/crystallographic texture that curtails the diffusion of oxygen through the layer. 

If amorphous—indeed, regardless of the structure—these capping layers must also be 

free of defects (such as mobile vacancies or dislocations) that would allow for oxygen 

diffusion through the layer. Films must be chemically inert with respect to the stack 

materials underneath, they must be thermally stable, and they also must generate minimal 

stresses in the film stack during deposition.9,10,11 Finally, EUV optics capping layers must 

not be prohibitive in terms of cost or require violations of common environmental, health 

and safety regulations during their manufacture and use. 

 

3. Gating/Evaluation 

 
In this evaluation, the goal is to take a fresh look at the periodic table and evaluate the 

solid phase elements first, followed by other material combinations, according to the 

design criteria described previously. However, by doing so it is not meant to imply that 

there has not been previous materials research concerning multilayer and capping layer 

development (acknowledging that much of the knowledge about materials that has been 

marshaled to solve the capping layer problem was originally obtained in the context of 

multilayer development). For a history of such activities at Lawrence Livermore National 

Laboratory (LLNL), in the context of EUVLLC56 and LITH160 SEMATECH funding, 

see Appendix A. Given that the majority of early ground breaking work in this area was 

done by LLNL, this history should provide the reader with a good picture of relevant 



   

 10

milestones. For both seminal and recent developments from other researchers the 

following references are useful.57,58,59,60,61,62,63,64,65,66,67,68,69  

 

3.1 Optical Performance 
 
 
In theory, it should be simple to evaluate the EUV optical properties of materials to 

determine their suitability as capping layers but in practice, this exercise is not trivial. To 

evaluate the impact of a thin candidate capping layer on a Mo/Si multilayer mirror EUV 

reflectivity optical constants of materials under evaluation are required. Unless already 

available this involves the fabrication of a specialized set of samples, which by itself can 

require significant materials development. Without direct evidence that a new material 

has the necessary EUV optical properties to merit consideration as a capping layer, there 

is often little motivation to invest in expensive development activities to produce the 

samples for optical constant determination.  

 

Indeed, there is a lack of reliable optical constants in the EUV region and the most 

commonly used optical constants are derived from calculated atomic scattering factors.70 

There are large discrepancies among data reported by different researchers on the same 

material because of a number of difficulties inherent to the EUV range. Strong 

absorption, especially above the absorption edges prevents reliable transmission 

measurements unless very thin unsupported films can be fabricated and a radiation source 

with high photon flux and spectral purity is available. Most of the experimental data 

collected in the past suffer from errors or uncertainties due to poor sample preparation 

such as contamination, surface roughness and poor source quality. To experimentally 
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determine optical constants one needs to fabricate a specialized set of samples and to 

have access to a radiation source with high photon flux and spectral purity, such as a 

synchrotron source.  

 

The most frequently used methods to determine optical constants are transmission, 

interferometry, reflectance, ellipsometry and angle-dependent electron yield. Angle-

dependent reflectance measurements have the advantage that both the real and imaginary 

parts (δ and β) can be deduced experimentally, and the measurements can be performed 

on bulk samples without the need to fabricate free-standing thin films.71 However, this 

method has also possible pitfalls, which include its sensitivity to surface roughness, 

sample quality and contamination. Ellipsometric measurements in the EUV spectral 

range also suffer from the lack of suitable polarizer materials, as MgF2, the common 

polarizer choice for VUV instruments, absorbs above ~9.5 eV; the gold prism polarizers 

typically used for measurements above 9.5 eV have serious non-idealities that 

compromise data quality.72 The other commonly used method to obtain optical constants 

is to deduce the absorption coefficient from both transmission measurements and 

theoretical calculations.73,74,75 The real part of n is then calculated through Kramers-

Kronig relations. Transmission measurements require thin, self-supporting films, which 

are difficult to fabricate and are sensitive to contamination. Film thickness is a necessary 

and important input parameter.  

 

If optical constants are obtained of in-situ deposited films then it is possible to avoid 

contamination due to air exposure. In practice, very few materials have been analyzed 
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this way.76 More often, the optical constants are derived from transmission and 

reflectance measurements of films exposed to air. To minimize contamination, films can 

be protected with less reactive material, such as carbon. Or they can be sandwiched 

between two carbon layers in the case of free-standing films for transmission 

measurements. Sandwiched films are also more robust and easier to handle. Another 

method is to sputter material directly on thin Si3N4 membrane74,75 and measure 

transmission through both the material and the membrane. If the optical constants are 

derived from transmission measurements a set of at least three different thickness films is 

required although more data points are desirable. At each energy, the absorption 

coefficient, µ, is inferred from the slope of the transmission versus material thickness 

curve (on a logarithmic scale).77,78 

 

When designing optical constant experiments it is important to choose material 

thicknesses such that films remain transparent for energies of interest and that the 

transmission vs. material thickness results in clearly separated curves. In the EUV region 

this requires films with thicknesses between 15 and 200 nm. When extracting optical 

constants from these measurements it is important to understand the effects of sandwich 

layers or support membranes (which will cause alterations in the measurements) and to 

properly account for them. Parameters such as membrane and sandwich thickness and 

density need to be known. It is also important that the materials are chemically 

homogenous and uniform in thickness. For novel compounds, to fabricate such films can 

require a full materials development effort. 
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To determine the suitability of candidate materials in this study, we first extracted 

information on densities (ρ), delta (δ), beta (β) and attenuation lengths at 13.50 nm 

(91.84 eV) for pure elements (Z = 1- 92) and for compound materials (for which optical 

constants exist) from the CXRO79 web page. Using CXRO densities we then calculated 

the reflectivity (see Appendix B) of a 50 bilayer Mo/Si multilayer with a period thickness 

of 6.91 nm (Si layer thickness = 4.146 nm and Mo layer thickness = 2.764 nm). The 

calculation assumed a perfect multilayer structure (no roughness, interdiffusion or surface 

oxide), and it was performed for normal incidence angle (0 degree) in a vacuum ambient 

and assuming that the substrate was a Si wafer with 0.1 nm surface roughness. The 

calculation was carried out for the wavelengths between 13.0 and 14.0 nm with 0.01 nm 

step size assuming unpolarized incident light and perfect instrumental resolution.  

 

Since it is not always obvious which element or compound should be used as a spacer 

and which as an absorber layer we calculated two cases: in the first the capping layer 

material under consideration was placed on top of a terminating Si layer; in this case, the 

first layer of the multilayer was Mo. In the second case, the capping layer was placed on 

the top of the final Mo layer. Here the multilayer began with a Si layer. However in both 

cases the calculation assumed a multilayer stack with 50 bilayers. To demonstrate the 

large sensitivity of the total stack reflectivity to terminating layer thickness, we calculated 

reflectivity for three different capping layer thicknesses: 2 nm, 3 nm and 4 nm, 

respectively. Since the maximum reflectivity peak did not always coincide with 13.50 nm 

wavelength due to different optical constants of the capping layers we decided to report 

three numbers: reflectivity at 13.50 nm, the peak wavelength (in nm) and the maximum 
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peak reflectivity at peak wavelength. The maximum peak reflectivity and the 13.5 nm 

reflectivity are typically off by only ± 0.1 nm and very rarely the difference in reflectivity 

exceeds 1%, which is much less than uncertainties in the optical constant values. It is 

straightforward to design a multilayer where the maximum peak reflectivity and the 

reflectivity at 13.50 nm coincide by adjusting the capping layer thickness. To be 

considered as a viable capping layer, elemental materials were allowed to cause a drop in 

reflectivity for the entire film stack of ~1 % or less and ~2% or less was allowed for 

compounds. The different criteria for elements vs. compounds was used because of the 

relatively larger uncertainties in the calculated (vs. experimentally determined) optical 

constants for compounds.80  

 

Reflectivity calculation results for non-gaseous elemental and compound materials that 

meet these criteria are summarized in Tables 1 and 2, respectively. Negative values for 

∆R = R(Si)- R(max) are observed for some materials and indicate that the addition of a 

capping layer of that thickness results in a slight increase in reflectivity. Complete results 

of the reflectivity calculations for all of the materials under consideration are given in the 

Appendix C (Tables C1, C2, C3 and C4: Table C1 features results for elemental materials 

deposited on a terminating layer of Mo; Table C2, results for elemental materials 

deposited on a terminating layer of Si; Table C3, results for compound materials on Mo, 

and Table C4, results for compound materials on Si. Note that the list of compounds 

available at the CXRO website is by no means exhaustive. In fact, calculated optical 

constants are only available for a relatively small subset of compound materials, as 

opposed to the relatively comprehensive compilation of information for elements in 
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Henke, et al.81 Accordingly, we decided that if a class of materials appeared promising 

from a surface chemistry perspective, that it would be evaluated as candidates from the 

point of view of the other gating criteria even if optical performance were unknown. Of 

course, if the material appears promising in all other aspects it is recommended to 

fabricate films to measure its optical constants experimentally and determine whether the 

material is indeed worth a full capping layer development effort. 

 

3.2 Surface Chemistry Considerations in Choice of Capping Layer  
 
3.2.1 Background  

 
Based on the optical constant data presented in Tables 1 and 2 and discussed in the 

previous section, we can identify potential candidate materials for capping layers. In the 

following discussion we separate these materials into (a) elements, (b) binary compounds 

(mostly oxides and carbides) and (c) ternary compounds and beyond. We focus on the 

chemical stability of such materials as thin films, and consider various aspects of the 

surface reactivity. 

 

First, we consider the stability of the films when exposed to atmospheric air.  The films 

will be deposited in vacuum, but at some point they will invariably be exposed to air with 

some moisture content. Many materials with favorable optical properties fail this first 

screening, due to rapid oxidation, hydroxide or carbonate formation which can 

compromise the film's optical, physical and chemical integrity (e.g, alkali and alkaline 

earth metals). Even films that are not completely oxidized will have surface layers 
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affected by air exposure. Film microstructure (amorphous, polycrystalline, etc.) will 

affect reactivity. 

 

Second, we need to consider the films' reactivity during prolonged exposure to 

background vacuum gases (mainly H2, H2O, CO, CO2, hydrocarbons). Important 

processes include deposition of carbon, reactions that accelerate growth of oxides, 

carbides, and oxycarbides, etc. 

 

Third, the effects of EUV radiation-induced processes are important.  Different physics is 

involved in different processes (indirect and direct excitations).  The radiation-induced 

dissociation of adsorbed background gases and the reactivity of atomic and radical 

fragments are affected most strongly by indirect processes, i.e., low-energy secondary 

electrons released from the substrate during irradiation by EUV photons.  Cross sections 

(dissociation probabilities) for molecular dissociation are very high for low energy 

electrons (< 10 eV). In contrast, direct processes involving photoexcitation of substrate 

core82 electronic levels by EUV photons are well known to cause photon-stimulated 

desorption (PSD) of O from oxides, which can affect the stoichiometry, lifetime and 

surface chemistry of such materials.  

 

Fourth, aspects of mitigation should be considered: e.g., how might one inhibit the 

growth of oxides, carbides, etc. by adjusting gas mixtures during exposure to EUV 

radiation? A related topic concerns possible removal of built-up carbon layers, or 
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reduction of oxides. Atomic hydrogen has been shown to be effective for cleaning both C 

and O from certain surfaces. 

 

Finally, we note that most of the surface science literature concerning elements and 

compounds focuses on well-characterized single-crystal sample surfaces. In the present 

paper, we must extrapolate from the ideal properties of monocrystalline surfaces to the 

behavior of thin films that can be amorphous or polycrystalline, with potentially high 

concentrations of defects and vacancies. Much of this is unknown territory, especially for 

compounds. This is a daunting task! 

 

3.2.2 Elemental Materials with [R (Si) - Rmax ] < ~1. 0  
 
The following non-gaseous elements are considered; they are identified by their row of 

the periodic table. All of these have favorable optical properties as capping layers (2 nm) 

when covering Si as the top layer (Figure 3). 

2nd  row: Li, Be, B, C 

3rd row: Si, P, S 

4th row: K, Ca, Sc, Ti, V 

5th row: Rb, Sr, Y, Zr, Nb, Ru, Rh, Pd 

6th row and Rare Earths:  Ba, La, Ce, Pr, Nd, Pm, Sm, Eu 

Actinides: U 

 

Certain materials are clearly inappropriate when deposited as elemental films. Alkalis 

and alkaline earths (Li, Be, K, Ca, Rb, Sr, Ba) react aggressively with oxygen in the air. 
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All of these metals, and their oxides, are also reactive with water vapor and CO2, and can 

form hydroxides and carbonates. When metals films react to form oxides and hydroxides, 

flaking and scaling of films can occur. In addition, Be vapor and dust are poisonous. 

 

C films are poor choices - C can react with atomic O and H in EUV exposure tools and 

be removed from the surface. P and S are very reactive and inappropriate. 

 

It is generally accepted in the EUV community that Si or Mo are too reactive in water 

vapor + EUV to be useful as capping layers. Note that atomically clean Si, upon exposure 

to air, forms a "native oxide" layer about 1 nm thick. Further growth of oxide (or carbide) 

can take place under EUV exposure tool conditions, and its rate is affected by film 

microstructure. 

 

The rare earths (La, Ce, Pr, Nd, Pm, Sm, Eu) are also very reactive in air, and with O-

containing vacuum gases (H2O, CO). Rare-earth metals are known to quickly tarnish in 

air, and can form an oxide that spalls off and exposes the metal to further oxidation. 

Uranium is an interesting possibility, but handling large amounts of radioactive material 

(even depleted U) is not practical, and may not be legal. 

 

Whereas many elemental films appear to be undesirable, some of the above elements are 

less reactive in various compounds (e.g, perovskite materials BaTiO3, SrTiO3, ScDyO3), 

and are considered below. Further information concerning the reactivity of relevant 

elements with oxygen is presented in Appendix D.  
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Elements that should be considered further are:  

4th row: Sc, Ti, V, 

5th row: Y, Zr, Nb, Ru, Rh, Pd       

 

Sc, Ti, V:  Metal films of all three react with air and water vapor to form films of oxides 

and/or hydroxides.  As in the case of Si or Al,[1 - Footnote] it is likely that a limiting 

thickness ~ 1nm is formed at 300K, with further growth under EUV conditions. The net 

increase in film thickness as reactive layers are formed will have an influence on the 

resultant reflectivity. TiO2 is already undergoing extensive testing and shows some 

promise. A question concerns O diffusion through the metals and oxides, and the role of 

grain boundaries. Oxides of V are good CO oxidation catalysts even at 300K in a 

radiation environment; the mechanism involves reaction of CO with lattice O to form a 

vacancy. Oxides of all three will experience radiation damage - see below. All three form 

stable carbides.83  

 

Y, Zr, Nb:  These elements are very reactive and form oxides that are good ionic 

conductors under certain conditions (O-diffusion at elevated T), and can be O storage 

materials. The oxides are not readily reducible by H or H2. Nb also forms an oxide more 

readily than Ru, Rh, and Ir. All three (Y, Zr, Nb) form stable carbides.83 

 

                                                 
1 The optical performance of Al in the calculations of Section 4.1 eliminated it as a serious contender for a 
capping layer. A two nanometer film of Al on a Si-terminated Mo/Si multilayer (50 bilayers) resulted in a 
3.12% drop in reflectivity. The performance of Ir in this regard was substandard as well, with a drop in R of 
1.74% for the same conditions. 
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The three metals Ru, Rh, Ir[2 - Footnote] are attractive insofar as thin films deposited in 

vacuum can undergo air exposure and remain metallic. In addition, they do not react 

significantly with H2O vapor. Ru forms ultrathin oxide films with (relatively) low heats 

of formation per O atom. Bulk oxidation of Ru does not occur spontaneously upon 

exposure to O-containing gases at 300K, and the oxygen-covered surface can be reduced 

by H-atoms. Many aspects of the surface chemistry of Ru in EUV applications have been 

discussed by previous workers.54 Rh and Pd have many of the virtues of Ru and may be 

even better than Ru in some ways: they have weaker interaction with water vapor, more 

weakly-bonded oxide than Ru, and are easily reduced by gaseous hydrogen or CO, with 

gentle heating. Rh and Pd are effective catalysts for oxidation of CO (2CO + O2 -->  2 

CO2) and for hydrogenation of C and CO to CH4. None of the three metals Ru, Rh, Pd are 

reported to form stable carbides.[2 - Footnote] 

 

Radiation damage:  

 

Radiation damage by EUV generally does not occur for elemental metal films; the 

lifetimes of electronic excitations are too short for electronic energy to be converted to 

atom motion. Of course, it is well documented that EUV causes dissociation of adsorbed 

molecules and can accelerate oxidation and carbon deposition on the surfaces. 

Dissociation of molecules, or desorption of neutral or ionic products may occur during 

irradiation; these processes include electron-stimulated desorption (ESD), photon-

stimulated desorption (PSD), and radiation-stimulated dissociation and reaction.84,85 In 
                                                 
2 The EUV reflectivity performance of Ir when deposited on the test multilayer stack for the reflectivity 
calculations shown in this work (∆R = 1.74% for a 2nm capping layer film) eliminate Ir as a serious 
contender. 
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these radiation-induced processes,  an atom or molecule at a surface is electronically 

excited via core or valence excitations to a repulsive state.  Desorption occurs if the 

repulsive state is sufficiently long-lived for the species to gain enough kinetic energy to 

exit the surface (kinetic energies of desorbed atoms and ions are often a few eV). 

Alternatively, a surface reaction (e.g., oxidation, or carbon deposition) may occur if 

enough energetic, reactive product atoms are directed toward (rather than away from) the 

surface.  

 

Low energy electrons play an important role in radiation-induced processes at surfaces. 

For all forms of ionizing radiation incident on solids (including electrons, energetic 

photons, and even ions) the dominant product is a cascade of low energy secondaries.86,87 

The primary mechanism by which 13.5 nm (93 eV) photons are absorbed in a substrate 

involves valence and shallow core photoexcitations of electrons in surface and sub-

surface atoms. A fraction of these electrons propagate to the surface and escape as 

secondary electrons; secondary electrons induce electronic excitations in the surface layer 

that cause dissociation and reaction of surface molecules. 

 

In addition to radiation-induced reactions of adsorbed molecules, another phenomenon 

should be noted: PSD and ESD can cause removal of O from oxides and oxygen-covered 

metals, forming O-vacancies at the surface. This PSD process is initiated by direct photo-

creation of holes in shallow core levels (e.g., Ti 3p at a binding energy ~35 eV for TiO2). 

An interatomic Auger-decay process can lead to a “Coulomb explosion” and ejection of 
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O+ ions.88 The probability (cross section) depends on various factors, including the 

photoionization probability for 13.5 nm photons.  

 

3.2.3 Binary compounds with [R (Si) - Rmax ]  or [R(Mo) - R max] < 2.0 
 

The list of possible compounds tabulated in Table 2 with suitable optical properties 

(mainly for capping top Si layers on the multilayer stack) includes:  

 

LiH, LiOH 

Be4C, BeO, BN, various hydrocarbon films, including fluorocarbons (teflon) and 

chlorinated hydrocarbons 

SiC, Si3N4, SiO2 

CaF2, CdS, GaP 

TiN, TiO2, Cr2O3, MnO, MnO2, CoSi2, Co2O3, Co3O4 

ZrO2, Y2O3, MoO2, MoO3, MoSi2, RuSi2, RuO2, RuO4 

UO2 

 

Certain of these materials are clearly unsuitable. These include the alkali hydride and 

hydroxide, LiH and LiOH, as well as SiO2 and Mo oxides (MoO2, MoO3), as discussed 

above. Such species as GaP, InN, and In2O3 are unsuitable because of defectivity issues 

(see Appendix E). CaF2, CdS, GaP suffer from various problems including radiation 

damage. 
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Other inappropriate materials are hydrocarbons, and halogenated hydrocarbons, 

including freon. Films of these materials are highly sensitive to radiation damage induced 

by EUV.89 The main culprits are the low-energy secondary electrons released from the 

substrate exposed to EUV, with energies in the range 0 eV to ~ 20eV. In general, 

covalently bonded hydrocarbons are readily dissociated by low energy electrons; e.g., the 

threshold energies for breaking of C-H bonds in alkane chains are ~ 5eV, with a 

maximum cross section (probability of bond-breaking) at ~ 10eV.90 For species 

containing C-Cl and C-F bonds, the threshold energies for bond-breaking by low energy 

secondary electrons are even lower, in the range 0 - 5eV; the maximum cross sections can 

be quite high, > 10-16 cm2. The dissociation mechanism at low energies involves 

dissociative electron attachment (DEA); a low energy electron is captured and excites the 

molecule vibrationally or electronically in a transient negative ion (TNI) state. 

Dissociation of the TNI occurs via elimination of an anion.86 

There are potentially appropriate materials on the list above. It is interesting to note that 

there are several pairs of materials (element and compound, e. g., Ti and TiO2) which 

have favorable optical properties (high reflectivities) for 2 nm films on Si top layers. 

Other such pairs (and groupings of 3 and 4) of elements and compounds for which optical 

properties are favorable include 

 

Be, BeO  

Si, SiO2, Si3N4, SiC  

Ti, TiO2, TiN 

Zr, ZrO2 
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Ru, RuO2, Ru2Si3 

U and UO2 

 

The implication is interesting:  even if an as-deposited metal film subsequently oxidizes, 

there may be circumstances for which there is little degradation of reflectivity. There may 

be other such materials groupings, but optical data for the compounds are unavailable. It 

is certainly possible that if the metal and the oxide have favorable optical properties, the 

carbides and nitrides will also have favorable optical properties—certainly differences 

between the surface chemistry of the carbide and nitride would in many cases be larger 

than the differences in density/ optical performance. One could adopt the viewpoint that 

materials whose reflectivities are known to be favorable for both metal and oxide (or 

nitride, or carbide) might be especially good candidates for consideration. Of course, the 

surface chemistry and radiation stability must be considered. A good introduction to 

oxide surface chemistry is by Henrich and Cox.91  

 

For the pairs Ti, Zr, Ru and their oxides, only Ru has an oxide with a relatively low heat 

of formation, which means that it can be reduced chemically to the metal (e.g., exposure 

to high pressure H2 while gently heating, or exposure to H-atoms; CO will partially 

reduce RuO2).92,Error! Bookmark not defined. So, one can deposit a metallic Ru film that 

develops a very thin oxygen/oxide layer that (in principle) can be removed in vacuum 

(Figures 4 and 5). At least, it does not grow readily in background gas alone, and most of 

the 2 nm film remains metallic even after air exposure. The others (Ti, Zr) may be 

deposited as metals but they can form very stable oxide films that cannot be reduced by 
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high pressure hydrogen, and it is unlikely that atomic H will do much to them (other than 

form surface hydroxyl). Thin films of metallic Ti and Zr will slowly and (almost) 

irreversibly convert to oxide, or oxycarbide, depending on the ambient gas composition 

and the effects of radiation-induced surface chemistry. 

 

TiO2 has attracted much interest recently in the EUV community, and shows promise as a 

capping layer material; an extensive summary of its surface chemistry and physics is 

given by Diebold.93 One virtue of TiO2 is that much is known about its surface chemistry 

- it is safe to say that surfaces of TiO2 are more widely studied by surface scientists than 

surfaces of any other oxide. Photon stimulated desorption of O94 is a potential problem 

with TiO2 and other oxides; see discussion below. 

 

Some oxides such as RuO2, Co3O4, V2O5, MnO2, (and others) are active as CO oxidation 

catalysts; this reaction can be a pathway to creation of O-vacancies. The mechanism is 

believed to involve CO adsorption at the metal cation site; the adsorbed CO reacts with 

neighboring lattice O to make CO2, which desorbs from the surface. The O-vacancy is 

then filled by dissociation of an incoming O2 molecule, and the process starts over again. 

In the absence of O2, CO alone can partially reduce the oxide, at least in the top layer. 

Also, impurities in the background gases (hydrocarbons, H2O) can poison the surface and 

inhibit CO oxidation at low T. The surface composition of such materials could be 

changing constantly under EUV exposure conditions as O-vacancies are created; see 

"radiation damage" paragraphs below. It is documented that x-ray exposure accelerates 

CO oxidation on V2O5 catalysts.95 
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Silicides,  Nitrides, Carbides 

 

Nitrides react with oxygen to form oxynitrides. For example, it is thermodynamically 

favorable for TiN to be oxidized.96 The literature on surface chemistry of carbides, 

nitrides, oxynitrides, etc. is sparse, and it will be difficult to draw valid general 

conclusions about these materials. There is literature on the surface chemistry of a few 

carbides.97  

 

One carbide for which there is copious literature is SiC, and this illustrates the challenge 

of working with such a material in the form of thin-film capping layers. SiC exists in 

various crystallographic phases (including cubic, rhombohedric and hexagonal) with 

more than 170 polytypes!98 What form(s) of SiC would be produced in sputter-deposited 

films below 200ºC depends critically on growth conditions.99 Because of the interest in 

SiC as a material for high temperature semiconductor devices, there have been many 

studies of hexagonal 6H-SiC and 4H-SiC polytypes. While the reactivity of SiC depends 

on polytype and surface termination (C-layer or Si- layer), it is clear that SiC is highly 

reactive toward low exposures of O2 in vacuum, with SiO2 as the dominant oxidation 

product.  

 

There is experimental evidence that a thin layer of SiO2 (or SiO-C) forms on top of SiC 

layer after exposure to the air. It also appears that the reactivity and thickness of SiO2 

depends on the amount of excess Si in the top layer(s). If there is a limiting SiO2 
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thickness of a few monolayers, that may serve as a passivation layer, this would make 

SiC more interesting as a capping layer candidate, though more work must be done to 

assess the utility of SiC thin films as a capping layer. The same applies for MoSi2, which 

is widely used as a film to passivate Mo and other metals against rapid oxidation. LLNL 

observation of possible subsurface oxygen diffusion in irradiated SiC, however, makes 

the use of this capping layer less attractive. At LLNL, on as-deposited SiC thin film 

exposed to the air three peaks in the XPS spectrum were measured, with energies of 

102.8, 99.9, and 98.8 eV. These correspond to oxidized Si, SiC, and elemental Si, 

respectively. The elemental Si is from the underlying multilayer, while the SiC and SiO2 

result from a partially oxidized SiC capping layer. After EUV exposure in the presence of 

water vapor, the exposed area spectrum exhibits a predominant peak at 103.1 eV, which 

is close to the SiO2 binding energy (103.3 eV). The minor peak at 97.4 eV (7 at. %) is at a 

very low binding energy and possibly corresponds to Si in interstitial positions or surface 

defects. Thus EUV irradiation might have removed SiC in the exposed area. In addition, 

the lack of an elemental Si peak in the exposed area spectrum indicates the underlying Si 

layer also has been oxidized. Because of numerous polymorphs of crystalline SiC it is 

also difficult to find well characterized, good quality crystals and apply the knowledge to 

the low-temperature amorphous thin film SiC.  

 

Radiation damage at the surfaces of oxides 

 

Radiation damage by EUV photons is a potential serious problem for oxygen-covered 

metals and oxide surfaces:  photon-stimulated desorption (PSD) and electron -stimulated 
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desorption (ESD) can remove O from the surface. Why should we be concerned about 

ESD and PSD of oxides?  The main radiation damage mechanism for O-covered surfaces 

and oxides is the formation of O vacancies, i.e., creation of surface defects.  Background 

gas molecules (water, hydrocarbons, etc.) are generally more chemically reactive with 

defects than with stoichiometric surfaces, so the surface chemistry is altered and 

generally accelerated. 

 

Here's how it happens. It has been known for years that bombardment of oxide surfaces 

with energetic electrons and extreme UV photons leads to desorption of O+ ions, as well 

as neutral O by ESD and PSD. Since oxygen in oxides is electronegative with formal 

charge O-2, there must be charge transfer to create neutral O and O+. An Auger-stimulated 

desorption model, originally proposed by Knotek,100,101 explains these observations. This 

mechanism involves the excitation of core electron levels followed by an Auger decay to 

repulsive electronic configurations that cause desorption.  

 

The oxides for which the desorption yields are highest are the so-called maximal valency 

oxides. Maximal valency means that the cation is nominally ionized down to the rare gas 

electronic configuration (e.g., K+, Ca2+, Sc3+, Ti4+, V5+… in K2O, CaO, Sc2O3, TiO2, 

V2O5,..).100 The highest occupied level (in a formal chemical sense) is its highest core 

level, with binding energy > 25 eV or so. Of course, there is always some degree of 

covalency in such oxides and the actual charges on anions and cations are not as large as 

indicated, but to a first approximation, this description is a useful construct. In fact, many 

maximal-valency oxides (e.g., TiO2, V2O5, ZrO2, Ta2O5, MoO3, WO3, CeO2, Er2O3,….) 
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have high cross sections for radiation-stimulated desorption of oxygen, initiated by 

creation of holes in shallow core levels. 

 

TiO2 is a prototypical example. Consider what happens when photoionization of the Ti 3p 

level occurs to form a core hole (vacancy); the Ti 3p binding energy is ~35 eV for TiO2. 

Because of a deficiency of higher lying electrons on the Ti cation, a valence electron 

from the O 2p level falls into the Ti core hole, initiating an interatomic Auger decay 

process. Energy is conserved by ejection of one or two more 2p electrons from the O 

species; thus the charge on the O anion changes from O2- to O+.  The presence of O+ near 

Ti4+ leads to a “Coulomb explosion” and ejection of O+ ions.102 Neutral OH can also 

desorb from TiO2, due to a bonding-antibonding excitation with a threshold of ~ 11.5 

eV.103 Recent work demonstrates that the photon-stimulated desorption mechanism for 

TiO2 is more complicated than indicated above, but the observation that core hole 

excitations initiate desorption of O is confirmed.104  

 

Whereas PSD of O+ from TiO2 and many of the other maximal valency oxides by EUV 

photons is well known, PSD and ESD of O is observed even for non-maximal valency 

oxides (CrO2, NiO) via the Auger stimulated desorption mechanism105; the key factor is 

the localization of the repulsive  electronic excitation.   Note that the relevant excitations 

involve shallow core holes with binding energies > 25 eV (thus, they can be excited by 

the primary photon (rather than by low energy secondaries, which induce dissociation of 

adsorbed molecules). Although RuO2 is not a maximal valency oxide, we have found 
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recently that low energy electrons (25eV to 100eV) cause desorption of O+, O- and O 

from O-covered Ru.106  

 

We summarize as indicated above: The main radiation damage mechanism for O-covered 

surfaces and oxides is the formation of O vacancies, i.e., creation of surface defects. 

Background gas molecules (water, hydrocarbons, etc.) are generally more chemically 

reactive with defects than with stoichiometric surfaces, so the surface chemistry is altered 

and generally accelerated. This must be considered in choosing a capping layer for a 

specific EUV environment (gas composition, partial pressures, radiation load). 

 

Caveat: Additional Issues that should be addressed 

 

The previous discussion does not take into account the following, which may impact 

capping layer performance from a “reactivity” point of view. When considering the 

growth mode of elemental materials (metals) on multilayers, it is important to understand 

whether the growth proceeds layer-by-layer or a form of cluster growth.107 It is critical to 

also understand how the film morphology is affected by subsequent reaction with 

background gases. Ease of vacancy formation, which plays a key role in capping layer 

degradation, will depend on radiation and background gases. Further work needs to be 

done to elucidate mitigation processes for the classes of materials under consideration -- 

including role of H atoms.108 These are all issues that should be considered in capping 

layer development, that are currently not fully understood. 
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3.2.4 Ternary compounds 
 

Certain epitaxial perovskite films containing a rare earth, specifically SrTiO3, BaTiO3 

and DyScO3, are relatively robust when exposed to air. The stabilizing effect of the TiO2 

(or ScO2) reduces the reactivity of the RE or alkaline earth components. Of course pure 

SrO, BaO, etc. are reactive with H2O and CO2 to make hydroxides and carbonates. So if 

one can find a way to make epitaxial films over a 100-200 mm diameter mirror, these 

may be worth a look. Etching of BaTiO3 in buffered solution leads to removal of the BaO 

layer and termination of the surface by TiO2. 

 

3.2.5 Best Materials Choices… 
 

Based on the above, and with little knowledge of film growth considerations, here are the 

"best bets" from a “surface chemistry” point of view. If the following materials can be 

deposited on Si capping layers and remain stoichiometric, smooth and continuous, and if 

pinholes and grain boundaries are minimal, they may be worth considering for further 

development of a research and characterization strategy. 

 

Elemental materials: Ru, Rh (Figure 6) 

Compounds: TiO2, ZrO2 

 

In the following three sections, we address other issues concerning these four materials, 

as well as related mateials.  The topics include environmental and health safety concerns, 
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thin film fabrication challenges, and the effects of defects and nanostructure on diffusion 

of contaminating species. 

 

4. Environmental Health and Safety Concerns 

 

Beryllium (Be) and BeO, despite their favorable performance with respect to our first two 

criterion, should be eliminated because the exposure to the beryllium metal dust and 

fumes can cause major lung damage and beryllium salts are very toxic.109 Compounds 

containing beryllium are very poisonous. Ruthenium compounds present similar 

problems, especially the volatile compound RuO4. 

 

5. Thin Film Fabrication and Related Issues  

 

Most commonly used techniques to fabricate EUV multilayer films are magnetron or ion 

beam sputtering, and electron beam evaporation with ion beam smoothing, though other 

modes of film deposition, though not yet demonstrated, may be possible (e.g., atomic 

layer deposition (ALD), molecular beam epitaxy (MBE), modified chemical vapor 

deposition (CVD) arrangements). The highest reflectivity multilayer coatings of 70% 

(Figure 7) were achieved with interface engineered multilayers fabricated with the 

magnetron sputtering technique.9,110 In this section we will leverage LLNL knowledge of 

thin film development and magnetron sputtering to determine whether amorphous films 

of the best capping layer candidates, Ru, Rh, TiO2, and ZrO2
, can indeed be deposited. 
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Work on ruthenium, which extends projection optics lifetime as compared to Si-capped 

multilayers, originated at LLNL as part of the VNL project.9,10,11 Further work on 

ruthenium capping layers, focused on establishing the baseline structural, optical and 

surface properties was supported by SEMATECH as part of LITH160 project.111 These 

Ru-capped Mo/Si-based EUVL multilayers are also known as Multilayer 1 in EUVL 

community. Differently prepared Ru capping layers (change in voltage/current, change in 

sputtering gas, and a variation of material) were tested for their oxidation and thermal 

stability. The best performing Ru-capping layer structure was prepared using Ar 

sputtering gas and metallic Ru target. The microstructure of this capping layer was 

analyzed in detail with transmission electron microscopy (TEM).12 Compared to other Ru 

capping layers preparations it is the only one that shows grains with preferential 

orientation. Ruthenium in this capping layer preparation is polycrystalline with an 

average grain size of ~3.5 nm and has a preferential growth orientation with Ru(0001) 

crystal planes parallel to the specimen surface (Figure 8). Based on limited TEM data it 

appears that the Ru capping layers of other preparations have smaller, randomly oriented 

and mostly oxidized grains. Based on our experience it would require a major effort to 

grow Ru on the top of the multilayer in a desired orientation for such thin layers, but it is 

possible.  

 

As part of the SEMATECH funded project LLNL also fabricated and tested five more 

capping layer candidates, which included Pd, PdAu, SiC, YSZ (Y2O3 stabilized ZrO2) 

and MoSi2.112 Although none of these materials outperformed Ru we learned much about 

different degradation mechanisms. This feedback was very useful for improving the 
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properties of these and other capping layer materials. The reflectivity of the capped 

multilayers ranged from 62.6% to 67.4%. The samples listed according to their 

reflectivity values from the highest to the lowest are SiC, YSZ, MoSi2, PdAu and Pd. 

These values are consistent with the ranking based on calculated reflectivities. For 

example, a 3 nm thick Pd-capped multilayer has 5.8% lower reflectivity than Si-capped 

multilayer. A PdAu-capped multilayer should have even lower reflectivity than a Pd-

capped multilayer if we only consider optical constants. However, as discussed below, in 

addition to the optical properties the reflectivity and the lifetime are also highly 

dependent on interdiffusion, incomplete coverage and surface roughness. 

 

For example, Pd and PdAu capping layers both show island growth formation with 

associated surface roughness and incomplete coverage. In addition, we detect Pd and Au 

in the layers below the capping layer, suggesting diffusion of these elements into the 

multilayer. Insertion of a diffusion barrier (such as C) between Si and Pd (PdAu) limited 

the diffusion into the multilayer and increased the reflectivity by 20%. Even though 

noble metals are impervious to oxidation in bulk form substantial development is 

required to overcome island growth and to limit diffusion into the bulk of the multilayer. 

While thicker Pd (PdAu) layers will completely cover the surface, such a thick layer (>4 

nm) leads to unacceptably low reflectivity. Another noble metal, Rh, might be a good 

candidate for a capping layer. Based on calculated reflectivity it is a better choice than Pd 

although not as good as Ru. Some work done on Rh/C multilayers shows that Rh, from 

the point of fabrication, is very similar to Ru113. This same work also demonstrated that 
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Rh and C form relatively sharp interfaces. Hence, carbon could be used as a diffusion 

barrier between Si and Rh, if necessary.  

 

SiC deposited for a SEMATECH-funded project was remarkably smooth and most likely 

amorphous. However, even in as-deposited state the SiC surface shows presence of Si-

oxide and elemental carbon. No data exist on the stoichiometry or density of the SiC that 

was used as a capping layer and was deposited with rf-sputtering technique. However, the 

SiC sputtered via dc-magnetron, which was used in high temperature stability 

multilayers,114 was studied in more detail with RBS, XPS and TEM techniques. It was 

determined that SiC from a conductive target is amorphous in its as-deposited state and 

has correct stoichiometric composition within 2 at. % accuracy. Mo/SiC multilayers 

developed for high temperature operation were capped with SiC and show remarkable 

reflectance stability for temperatures up to 400°C, though no lifetime data from EUV 

exposures are available for these layers. 

 

MoSi2 is an alloy that forms naturally on Mo/Si interfaces during the multilayer growth 

and its growth is accelerated at higher temperatures. For LITH160 SEMATECH-funded 

project MoSi2 was sputtered from an alloy target. No stoichiometry, density or 

microstructure data exist about the deposited MoSi2 films. Later analysis of the deposited 

films revealed that the alloy target was carbon contaminated and that the stoichiometry of 

the deposited film was MoSi1.3 instead of MoSi2. The Mo-silicide film is amorphous in 

as-deposited state and very smooth. For a later project a new, better quality sputtering 

target was purchased. Optical constant measurements of MoSi2 films revealed large 
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discrepancy between the calculated optical constants115 and our experimentally 

determined ones.116 We believe that the calculated optical constants overestimate the 

reflectivity of MoSi2-capped multilayers in EUV range.  

 

YSZ was the only capping layer material that did not change when exposed to the EUV 

light in the presence of water vapor. Even though there is no microstructural data on our 

YSZ capping layer this material is very smooth and most likely amorphous or consists of 

very fine crystallites. YSZ is thermally stable and its microstructure and properties are 

highly dependent on its exact composition (percentage of Y2O3 in ZrO2). The O diffusion 

rate through our YSZ alloy was very high. Even though the YSZ layer remained 

unchanged the Si and Mo layers underneath were oxidized. That led to the highest 

reflectivity loss among the capping layer materials that were tested in this project. Note 

that though Yittria is used to stabilize ZrO2 in its high temperature phase to enhance 

diffusion of oxygen ions for sensor applications, this enhancement is not general and is 

only effective for a narrow range of compositions. 

 

TiO2 is one of compounds that has favorable optical and surface reactivity properties. A 2 

nm thick TiO2 capping layer reduces the reflectivity by only 0.8% as compared to Si-

capped multilayer. This material belongs to the class of semiconductors with a relatively 

wide band gap. Being exposed to the light of the energy corresponding to its band gap, 

charge carriers, such as electrons and holes, are produced and oxidation-reduction 

reactions on the TiO2 surface occur. TiO2 thin film has strong oxidizing power and high 

photocatalytic activity for hydrocarbon oxidation117 and is therefore of interest also as a 
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potential self cleaning capping layer. Previous work118 on TiO2 indicates that the use of 

reactive magnetron sputtering provides more benefit to control the structure, composition 

and properties of TiO2 films than other methods, such as PECVD, thermal oxidation of 

metal, sol-gel, etc.  When fabricating titanium oxide films by magnetron-sputtering with 

titanium oxide targets, parameters such as Ar/O2 ratio, deposition power and substrate 

temperature were found to strongly influence the formation of titanium oxide films. In 

our studies TiO2 was prepared in three different ways: (a) depositing metallic Ti layer and 

then oxidizing it with pure O2, (b) rf-sputtering of TiO2 target and (c) reactive rf 

sputtering of TiO2 target with Ar:O2 sputtering gas mixture. The later method produced 

>66% reflectivity multilayers and the preliminary exposure results with H2O vapor 

indicate about 10x longer lifetime as compared to Ru-capped multilayers.119 The TiO2 

capping layer prepared with reactive rf-sputtering is amorphous and completely covers 

the multilayers as demonstrated with TEM studies. TiO2 layer also forms a sharp 

interface with Si so no diffusion barrier is necessary. However, XPS and STEM analysis 

indicate Ar gas incorporation in TiO2 capping layer and the stoichiometry of TiO2.4. 

Further work on optimization of deposition process, such as Ar:O2 gas mixture and 

energy of the incoming ions, is required to improve the performance of this capping layer 

material. 

 

Based on this experience it is our opinion that with some additional development work 

amorphous layers of Ru, Rh, TiO2, and ZrO2 could be deposited in the strict deposition 

parameter space dictated by EUV optics capping layer requirements.  
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6. Vacancy Management: Defects, Diffusion, and Nanostructure 

 

It is difficult to divorce thin film defect management issues from surface chemistry 

performance for potential capping layer materials given our knowledge that the 

background gas molecules present in the unbakeable projection optics chamber will be 

more chemically reactive with defective than with stoichiometric surfaces. Though a dire 

scenario, it is essentially an idealized and optimistic view that confines contamination to 

the surface of an infinitely thick optics capping layer, assuming no penetration of 

contaminating species into the layer beneath. Experience has taught us to view the 

capping layer otherwise; contamination for EUV optics is exacerbated by the fact that 

diffusion of oxygen through the capping layer has been shown to be a serious degradation 

mechanism, where such bulk diffusion can even lead to oxidation of the underlying 

silicon layer and catastrophic failure of the optic.120 In what may appear to be a spate of 

pessimism, we must also point out that “bulk” diffusion is hardly an accurate descriptor, 

given that our previous calculations in Section 3.1 have demonstrated that optics capping 

layer films can only be two or three nanometers thick under the most favorable 

circumstances. It is not only critical to consider whether a smooth and continuous 2 nm 

thick film of a candidate material can be fabricated, but we must also concern ourselves 

with engineering the nanostructure of the capping layer to minimize diffusion of oxygen 

through the layer.  
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There are additional issues to consider when engineering nanoscale properties of EUV 

optics capping layers. Capping layer design must also take into account that (1) diffusion 

behavior for very thick films will be quite different from behavior for layers several 

nanometers thick and that (2) most formalism describing diffusion behavior exclusively 

considers temperature-driven mechanisms, where the relationship between surface 

diffusion of contaminants, electron- and photon-mediated processes at the sample surface 

and subsequent diffusion behavior in the “bulk” is largely unknown. Given the additional 

challenge that there are large gaps in the literature concerning diffusion behavior of 

relatively thick films of relevant materials (of sufficiently similar microstructure to allow 

comparison), it is not yet possible to make iron-clad judgments about the diffusion 

performance of ZrO2, TiO2, Ru, and Rh relative to one another in such a way that would 

allow us to further narrow our choice of materials. We can make general commentary, 

however, about diffusion behavior in broad material classes. Enough information exists 

for us to elucidate outstanding questions that both provide general guidelines about how 

to evaluate our collection of contending capping layer materials and indicate that it may 

be possible to transcend conventional thinking about diffusion in EUV capping layer 

materials to create “diffusion-engineered” thin films.  

 

After observation of EUV optics lifetime failures due to oxygen diffusion through the 

capping layer, it became generally accepted in the EUVL community that capping layers 

should be amorphous to prevent diffusion.121 This might be true, but it has not been 

adequately demonstrated. Granted, it is well-known that diffusion can proceed more 

rapidly along grain boundaries and dislocations than through the bulk lattice. Short-
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circuit diffusion pathways are typically preferred to bulk transport mechanisms by 

diffusing species at low temperatures, for smaller grain sizes, and in cases where there is 

a low concentration of lattice defects.122 In metals, it is generally accepted that atomic 

jump frequencies in planar defects (which are only several atoms thick) are literally a 

million times greater than jump frequencies in the regular crystal lattice.123 Atkinson122 

also maintains that diffusion occurs preferentially along grain boundaries and other 

structural defects because there is more disorder in the arrangement of atoms in these 

regions than in the ordered bulk crystal lattice. However, under certain conditions if the 

bulk is highly disordered, grain boundaries and dislocations will actually act as barriers to 

diffusion, but these conditions are not well understood.  

 

TiO2 and ZrO2 are two of the surviving candidates (in addition to Ru and Rh) for our 

capping layer selection; consistent with the previous logic grain boundaries are actually 

observed (and confirmed by molecular dynamics calculations) as a source of oxygen 

diffusion resistance in polycrystalline zirconia ceramics.124 Perhaps in these cases the 

lattice is sufficiently disordered to provide preferential diffusion pathways; indeed, we 

know that some metal oxides, for example, are plagued by non-uniform grain size, 

porosity, second phase distribution issues, impurity segregation and grain-grain 

disorientation125 that can offer alternative diffusion pathways and render results from 

radioactive tracer diffusion studies difficult to interpret. Recent research on 

nanocrystalline materials claims that the volume diffusivity of oxygen in undoped 

monoclinic ZrO2 will be (in comparison with the melting temperature) much higher than 

in the other transition metal oxides, but far lower than if the material is stabilized with 
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impurities to maximize oxygen diffusion.126 However, it is difficult to generalize results 

from one sample type to another, as microstructure is critical for understanding diffusion 

behavior. Indeed, nanocrystalline TiO2 has much faster oxygen diffusion than crystalline 

TiO2, for example, but the exact dependence on grain size is not generally understood:127 

In ZrO2, grain boundary conductivity is thought to decrease with decreasing grain size, 

down to ~0.36 microns128 but a similar enhancement of oxygen diffusion is predicted for 

even smaller grains.129 One conclusion to draw is that thorough analytical 

characterization of a candidate capping layer to understand often complex structural 

defectivity in these disordered materials will be critical for understanding failure 

mechanisms and optimizing material design. Given the influence of sample 

microstructure on isotopic tracer diffusion experiments, such experiments should be 

performed on well-characterized actual capping layer materials, not bulk samples, in 

order to allow a proper comparison between candidate capping layer materials. 

 

Though metal oxides can be sufficiently disordered such that multiple diffusion 

mechanisms compete for supremacy, it should be noted that when comparing these 

materials to other candidates that they are considered superior “diffusers” of oxygen. As 

such, one would expect that their diffusion behavior would be less optimal than for Ru or 

Rh of identical nanostructure. (In reality, it would be nearly impossible to produce such 

comparative samples, meaning that further investigation to determine optimized 

nanostructure for Pt group metals is needed before a proper comparison could be made). 

Zirconia, stabilized in its high temperature cubic form by the addition of 8 mol% Y2O3, is 

a solid state oxide ion conducting electrolyte material of choice, used for oxygen sensors, 
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oxygen pumps, and solid oxide fuel cells.130 Unstabilized, as we have discussed, oxygen 

transport is dramatically reduced, though still higher than the other transition metal 

oxides for nanocrystalline material.131 This observation would provide some guidance for 

comparing TiO2 vs. ZrO2 (TiO2 would be a better choice) if, again, the microstructure 

results were generalizable to other structures and if identical structures of both materials 

could be fabricated. It is not possible to make further judgment about diffusion 

performance of our capping layer candidates without additional data. We provide below, 

however, some key references to allow the reader to judge for him or herself. 

 

For additional information on diffusion-related phenomena, there are some key 

references that are very informative such as a seminal work on grain boundary diffusion 

in thin films by Gupta et al.132 and other excellent treatments of the same topic in metals 

and metal oxides.133,134,135  Diffusion in disordered media has been discussed by Havlin et 

al.,136 and percolation theory treatments of diffusion in amorphous materials are available 

as well, though these publications make it clear that additional work is needed, from an 

experimental point of view, to evaluate potential capping layer materials.137,138,139  

 

7. Thermal Stability 
 
 
Not surprising ceramic materials such as SiC, YSZ, and MoSi2 show very good thermal 

stability. Multilayers capped with these materials show little loss in reflectivity when 

exposed to 200°C, unlike Pd- and PdAu- and Ru-capped multilayers, which show 

reflectivity loss between 1.5% and 3.5%. The thermal stability of TiO2 and ZrO2 is not 

known; though it is well known that very high temperatures cause phase changes in metal 
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oxides, which can be stabilized by the presence of impurities.140 These temperatures are 

typically far higher than those experienced in an EUVL projection optics chamber 

environment. Additional experiments would be necessary before ranking the contending 

capping layer materials (ZrO2, TiO2, Ru and Rh) in terms of their thermal stability.   

 

8. Summary 
 

High volume manufacturing tools for Extreme Ultraviolet Lithography (EUVL) require 

optics with 30,000 light-on hours of lifetime. The optics used to reflect and focus 13.5 nm 

(92 eV) EUV radiation are Si/Mo multilayer mirrors (MLMs) which function in ~10-7 

Torr  vacuum of EUVL exposure tools.  Their lifetimes can be extended by coating the 

multilayers with thin (~ 2nm) capping layer films that reduce build-up of contamination 

(mostly oxides, carbon films). Despite recent progress the optics lifetimes still fall short 

by nearly two orders of magnitude. In this paper we evaluate most of the solid phase 

elements in the periodic table and their material combinations as possible capping layer 

candidates. Our design criteria select only materials that do not reduce reflectivity below 

a level that would render it unsuitable for lithographic purposes, where the film is 

continuous and smooth over only several nanometers of thickness and where the material 

can be deposited at sufficiently low temperature (<200°C) to avoid intermixing with the 

underlying multilayer stack. In addition, we take into account nanoscale capping layer 

properties and complex surface chemistry. Ideally, the surface of the capping layer would 

inhibit adsorption and reaction of background gases, and induce recombination of 

impurity atoms to form species that could be desorbed thermally or by electron- or 

photon-stimulated desorption processes associated with the incident EUV flux. Based on 
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these criteria and available experimental data we down-select the most promising 

candidates. These include Ru, Rh, TiO2 and ZrO2 assuming that these can be deposited as 

amorphous films. Additional candidates Hf, HfO2 and V, V2O5 are suggested based on 

their surface reactivity, film growth, thermal stability, and diffusion-related behavior. 

However, additional work is necessary to verify their optical performance. 
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Figure Captions 
 
 
Figure 1: TEM cross section of a Mo/Si multilayer showing crystalline Mo (dark layers) 

and amorphous Si (light layers). The right image shows the top part of the multilayer, 

including the capping layer. 

 

Figure 2:  Schematic of an EUVL prototype Engineering Test Stand system, designed, 

fabricated and tested by Sandia National Laboratories, Lawrence Livermore National 

Laboratory and Lawrence Berkeley National Laboratory and funded by the Extreme 

Ultraviolet Limited Liability Company. The mirrors labeled C1-C4 are condenser optic 

mirrors and M1-M4 are projection optics mirrors. The focus of this paper is the lifetime 

issue associated with the projection optics mirrors.  

 

Figure 3: All non-shaded elements in the periodic table have good optical properties.  

 

Figure 4: Figure 8: Schematic of atomic-hydrogen cleaning apparatus (Figure from 141). 

 

Figure 5: Auger Electron Spectroscopy depth profiles for Ru-capped multilayer mirror: 

(a) initial (as-deposited), (b) after ECR O2 plasma oxidation and (c) after 20-min atomic 

hydrogen treatment (left column). Righ column plots show X-ray photoelectron spectra 

of  Ru 3d3/2 and 3d5/2 peaks for Ru-capped multilayer mirror: (a) initial (as-deposited), (b) 

after ECR O2 plasma oxidation and (c) after 5-min atomic hydrogen treatment (Figure 

from Error! Bookmark not defined.). 

 



   

 46

Figure 6: Only two pure elements pass all the screening tests: Ru and Rh. 

 

Figure 7: Performance of a 70% reflectivity EUV mirror (5deg off normal) with 50 

bilayers. 

 

Figure 8: TEM cross section of a Mo/Si multilayer showing crystalline Mo (dark layers) 

and amorphous Si (light layers). The right image shows the top part of the multilayer, 

including the capping layer. 
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Tables 

 
Table 1:  
 

R(Si)= 73.675
Symbol cap = 2nm cap=3 nm cap = 4 nm

Rmax R(Si) - Rmax Rmax R(Si)-Rmax Rmax R(Si)-Rmax
Be 73.769 -0.09 73.576 0.10 73.159 0.52
B 74.074 -0.40 73.726 -0.05 72.704 0.97
C 73.928 -0.25 73.139 0.54 71.462 2.21
Si 73.490 0.19 73.099 0.58 72.610 1.07
P 73.753 -0.08 73.432 0.24 72.823 0.85
S 73.669 0.01 73.154 0.52 72.220 1.46

Ca 73.693 -0.02 73.193 0.48 72.260 1.41
Sc 73.479 0.20 72.108 1.57 69.873 3.80
Ti 73.419 0.26 71.468 2.21 68.248 5.43
V 72.569 1.11 69.131 4.54 63.879 9.80

Mn 72.243 1.43 68.093 5.58 61.853 11.82
Rb 73.770 -0.09 73.700 -0.03 73.498 0.18
Sr 73.869 -0.19 73.761 -0.09 73.397 0.28
Y 74.142 -0.47 74.049 -0.37 73.482 0.19
Zr 74.408 -0.73 74.275 -0.60 73.405 0.27
Nb 74.873 -1.20 74.823 -1.15 73.736 -0.06
Tc 74.822 -1.15 74.047 -0.37 71.702 1.97
Ru 74.811 -1.14 73.599 0.08 70.590 3.08
Rh 73.800 -0.13 70.914 2.76 65.701 7.97
Pd 72.513 1.16 67.831 5.84 60.613 13.06
Ba 72.564 1.11 70.866 2.81 69.045 4.63
La 72.859 0.82 71.464 2.21 69.861 3.81
Ce 72.774 0.90 71.317 2.36 69.696 3.98
Pr 73.308 0.37 72.041 1.63 70.174 3.50
Nd 72.961 0.71 70.841 2.83 67.759 5.92
Pm 72.834 0.84 70.605 3.07 67.456 6.22
Sm 72.481 1.19 69.610 4.07 65.677 8.00
Eu 72.802 0.87 70.603 3.07 67.547 6.13
U 73.603 0.07 72.501 1.17 70.570 3.11  
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Table 2:  
 
 

R(Si) = 73.675 R(Si) = 73.675 R(Si) = 73.675
cap = 2nm cap = 3nm cap = 4nm

Compound Rmax R(Si) - Rmax Rmax R(Si) - Rmax Rmax R(Si) - Rmax

B4C 74.07 -0.40 73.59 0.09 72.32 1.36
BeO 72.91 0.77 70.31 3.37 66.43 7.24
BN 73.68 -0.01 72.51 1.16 70.38 3.29

C22H10N2O5 73.68 0.00 72.81 0.87 71.22 2.45
C3H6 73.93 -0.25 73.67 0.01 73.00 0.68

C5H8O2 73.69 -0.01 72.91 0.77 71.48 2.20
C16H14O3 73.75 -0.08 73.11 0.57 71.86 1.82
C16H14O3 73.75 -0.08 73.11 0.57 71.86 1.82
C10H8O4 73.62 0.05 72.66 1.02 70.95 2.73
C8H7Cl 73.85 -0.18 73.44 0.24 72.51 1.17
C8H8 73.90 -0.23 73.52 0.15 72.68 1.00

Co2O3 72.65 1.02 67.05 6.62 59.31 14.36

MoO2 73.62 0.05 71.57 2.10 68.04 5.64
MoO3 73.41 0.26 71.35 2.32 67.99 5.69
MoSi2 74.02 -0.34 73.60 0.08 72.51 1.17

Ru2Si3 73.97 -0.29 73.03 0.65 71.06 2.62
RuO4 74.75 -1.07 72.73 0.94 69.54 4.14

SiC 73.61 0.07 72.89 0.79 71.65 2.03
Si3N4 73.36 0.31 71.89 1.78 69.60 4.08
SiO2 73.07 0.61 71.24 2.44 68.58 5.09
SiO2 72.95 0.72 70.81 2.87 67.69 5.99

TiN 73.36 0.31 70.92 2.76 66.90 6.77
TiO2 72.86 0.81 69.84 3.83 65.09 8.59

Si.925Ti.075O2 73.08 0.60 71.25 2.43 68.57 5.10

UO2 73.09 0.58 70.83 2.84 67.40 6.27

ZrO2 73.51 0.16 71.57 2.10 68.33 5.34  
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Appendix A 
 
Multilayer and Capping Layer Development at LLNL: A Historical Perspective 
 
 

Eberhard Spiller2 first realized that high reflectivity normal incidence mirrors for extreme 

ultraviolet wavelengths can be made if one alternates materials of different absorption 

constants so that the absorber is placed into the nodes of the desired wave field. However, 

it took another 13 years to develop a high reflectivity EUV multilayer based on Mo/Si 

pair.142 Since then lots of work has been done worldwide to optimize the multilayer 

properties and deposition parameters in order to increase the EUV reflectivity and to 

improve multilayer lifetime. In the following we are focusing on efforts done at LLNL 

between 1997 and 2002, when the first fully operational diffraction limited EUVL tool 

was demonstrated143. This work was done during the EUVL Cooperative Research and 

Development Agreement and funding was provided by the EUVLLC56. After 2003 most 

of the capping layer work at LLNL was funded by SEMATECH as part of LITH160 

project.  

 

In addition to optimizing the deposition parameters, chamber setup, chamber 

environment and starting materials (targets) to obtain the best performance of Mo/Si 

multilayers144,145 considerable effort went into understanding other multilayer pairs (such 

as Mo/Be146, MoRu/Be147, Rh/Y and Mo2C/Si). Be-based multilayers were of interest 

because the laser produced plasma source designed for EUVL had about four times 

higher output at 11.4 nm than at 13.5 nm. However, because of the smaller bandpass of 

11.4 nm Mo/Be mirrors the integrated throughput was actually higher for the 13.5 nm 
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Mo/Si mirrors.148 Considering also health and environmental risks the EUVL community 

declared 13.5 nm as the official EUVL wavelength. In order to maximize the optical 

throughput an increase in reflectivity and in the peak bandwidth of Mo/Si multilayers 

become very important. In parallel studies on thermal stability,149 stress150, and the effect 

of the substrate roughness151 were performed together with different mitigation strategies. 

Studies on capping layer materials were initially exploring only material stability in the 

air and the performance of Si, Mo, Be, C, B4C and Mo2C layers was monitored as a 

function of time. It became clear that even under these conditions capping layer material 

thinner than 2 nm was ineffective to prevent oxidation of the multilayers, independent of 

material nanostructure.  

 

The reflectivity of Mo/Si and Mo/Be multilayers decreased as a function of time. Si-

terminated Mo/Si multilayers showed about 1% reflectance drop in one year while Be-

terminated multilayers had about 1.2% reflectance drop over the same length of time.  

However, most of this reflectivity decrease occurred relatively soon after the deposition, 

within the first few weeks. The multilayers were stored in plastic (Fluorware) containers 

and some reflectivity drop could also be due to environmental contamination.  

 

In 1998 we demonstrated 70% reflectivity Mo/Si multilayers using interface 

engineering.9 Two different multilayer designs were studied: Mo/C/Si/C and 

Mo/B4C/Si/B4C with the later better suppresing the interdiffusion between Mo and Si 

layers and resulting in higher reflectivity. In addition to the reflectivity we also studied 

their thermal stability and stress. We developed methods to reduce stress without 
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significant reflectance loss. The reflectivity of the B4C-capped multilayers was not stable. 

Detailed Auger studies revealed that the stoichiometry of the B4C deposited films 

changed as a function of depth and the presence of B2O3 on the surface was confirmed 

with XPS.  

 

Si3N4 was identified as a promising material for a capping layer based on its optical 

constants. However, Si3N4 films exposed to an electron beam in presence of water vapor 

showed substantial increase in oxygen after the exposure.  

 

Systematic radiation stability studies with EUV photons and electron beams started in 

1998. Results from earlier research152 suggested that the EUV radiation does not cause 

any significant damage to the multilayers but these experiments were made with low 

brightness EUV sources. However, when higher brightness EUV sources became 

available and the experiments were repeated at higher EUV doses we observed carbon 

deposition and enhanced oxidation of the surface layers.153,3,4,5 Si-capped multilayers 

exposed to ozone, hydrogen peroxide or water (with no EUV light) showed no significant 

reflectivity loss. Indeed, exposure to hydrogen peroxide often led to increase in 

reflectivity of Si-capped multilayers, most likely due to cleaning of the surface (carbon). 

These experiments were performed on Mo/Si and Mo/Be multilayers with the last layer 

being Si or Be, respectively. In parallel, we were also developing methods for cleaning 

carbon contaminated optics.6 It soon became obvious that there is a need for deeper 

understanding of the surface chemistry of multilayers exposed to the environment of the 

EUVL system.  
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Systematic experimental work on optics lifetime started in 2000. We demonstrated that 

Si-capped multilayers exposed to an electron beam (1-2 keV, 5µA/mm2) oxidize and their 

reflectivity drops below acceptable level. First exposure experiments with Ru-capped 

multilayers were performed.9 Ruthenium capping layers were deposited on Si, on Mo or 

on B4C. Although a thinner Ru layer is desirable for high reflectivity it was determined 

experimentally that it has to be at least 2.2 nm thick to improve the reflectance stability. 

Initial results indicated that Ru deposited on Si with B4C interface layer had the highest 

initial reflectivity and the best reflectance stability. However, these results were based on 

short exposure times (4-8 hrs) using an electron beam and low water vapor pressure (5 x 

10-7 mbar). Longer exposures at higher water vapor pressures (2 x 10-6 mbar), 

corresponding to several months of operation in commercial EUVL tool environment 

showed visible changes on the Ru-capped multilayer surface. During long electron beam 

exposures the boron signal became smaller and finally disappeared. This was interpreted 

as a possible formation of boron hydrite escaping from the sample. The efforts to detect 

boron hydride during the electron beam exposures were fruitless. The amount of boron 

hydride was below detection limit and its mass overlaps with a much stronger peak from 

nitrogen.  

 

In collaboration with Sandia National Laboratories lifetime stability testing using electron 

beams was carried out. Most of the tests were performed at a constant water vapor while 

varying the current density and the exposure times between 5 and 500 hours. The 

reflectance loss was correlated with the fluence but the scaling was not clear. A 
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collaboration with NIST at the end of 2002 provided new data on EUV exposures of Si- 

and Ru-capped multilayers although most of the work was still focused on Si-capped 

multilayers.154 Preliminary results on Si- and Ru-capped multilayers based on accelerated 

EUV exposure, agreed well with the results obtained from accelerated electron beam 

exposures.11 The study of Ru oxidation resistance and the microstructure was continued 

as part of the LITH160 project. The main goal was to determine the effect of the 

microstructure on the optics lifetime and to provide benchmark samples for world-wide 

EUVL community. A report155 and a paper12 describe the outcome of these studies. In 

addition a screening study for capping layer candidates, which revealed surprisingly 

different degradation mechanisms, was performed.156.  
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Appendix B 
 

Reflectivity calculations 
 
The reflectivity was calculated using our own software using densities (ρ), Delta (δ) and 

Beta (β) from the CXRO (Center for X-Ray Optics) web page.79 To calculate the 

reflectivity we used the matrix formulation introduced by Abelés,157 who wrote the 

chapter on multilayers in Born and Wolf’s book.158 The printout of the computer program 

is given in Spiller’s book.159 Results obtained with this software package agree with the 

results obtained using other methods160 (recursive method) or other programs.161,162 

 

The data in the tables were produced by calculating a reflectivity, R(λ), over a small 

wavelength range around λ = 13.5 nm and selecting the value at 13.5 nm as the output. In 

addition a 2nd degree polynomial was fitted through the 3 highest points of the R(λ) curve 

and the values of λmax and Rmax obtained from the fit were also added. The tables for the 

compounds were calculated by the same method. The results were compared to those 

obtained by the IMD163 program and small differences, due to small differences in the 

optical constants from the CXRO website79 and IMD package, were observed. Table B1 

shows the optical constants obtained from the two sources. We found that the differences 

in the reflectivity values for the example of Table B1 are less than 0.1%. 
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Table B1: Optical constants for λ = 13.5 nm obtained from the CXRO web-site79 and 
from Windt’s IMD163 program. A linear interpolation between the closest neighbors in 
the Windt’s table was used to obtain values for 13.5 nm. 
 
 
Material n CXRO k CXRO n Windt k Windt 
Mo 0.92379312 0.006435488 0.92125 0.0064086 
Si 0.9990021531 0.001826495 0.99936 0.0017161 
TiO2 0.94159918 0.002249589 0.94211 0.0024369 
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Appendix C 
 
Reflectivity Calculations for Elements and Compound Materials “Deposited” on 

Mo- and Si-Terminated Multilayers  

 

This section features results from reflectivity calculations for all of the materials under 

consideration. Table C1 features results for elemental materials deposited on a 

terminating layer of Mo; Table C2, results for elemental materials deposited on a 

terminating layer of Si; Table C3, results for compound materials on Mo and Table C4, 

results for compound materials on Si. 

 



   

 65

 
R

(M
o

) 
=

7
4
.9

7
c
a
p

 =
 2

 n
m

c
a
p

 =
 3

 n
m

c
a
p

 =
 4

 n
m

E
le

m
e
n

t
D

e
n

s
it

y
D

e
lt

a
B

e
ta

R
(%

) 
a
t 

1
3
.5

 n
m

λ
m

a
x
 (

n
m

)
R

m
a
x

R
(M

o
) 

- 
R

m
a
x

R
(%

) 
a
t 

1
3
.5

 n
m

λ
 m

a
x
 (

n
m

)
R

m
a
x

R
(M

o
) 

- 
R

m
a
x

R
(%

) 
a
t 

1
3
.5

 n
m

λ
m

a
x
 (

n
m

)
R

m
a
x

R
(M

o
) 

- 
R

m
a
x

(g
/c

m
3

)
H

0
.0

0
0
0
8
9
8
8

4
.5

5
0
4
8
E

-0
6

1
.4

4
6
5
4
E

-0
7

7
4
.9

4
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

4
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

4
1
3
.5

2
7
4
.9

7
0
.0

0
H

e
0
.0

0
0
1
7
8
5

4
.8

3
7
8
5
E

-0
6

1
.5

1
5
3
7
E

-0
6

7
4
.9

4
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

4
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

4
1
3
.5

2
7
4
.9

7
0
.0

0
L

i
0
.5

3
4

0
.0

0
9
6
7
8
4
0
3

0
.0

1
0
8
5
4
6
6
6

6
9
.4

8
1
3
.5

2
6
9
.5

1
5
.4

6
6
7
.9

0
1
3
.5

0
6
7
.9

0
7
.0

7
6
7
.4

8
1
3
.4

8
6
7
.5

1
7
.4

6
B

e
1
.8

4
8

0
.0

0
9
6
0
1
9
0
6

0
.0

0
1
5
3
6
3
8
1

7
4
.0

8
1
3
.5

2
7
4
.1

3
0
.8

4
7
3
.6

8
1
3
.5

2
7
3
.7

2
1
.2

5
7
3
.5

2
1
3
.5

1
7
3
.5

5
1
.4

2
B

2
.3

4
0
.0

3
1
6
3
2
5
0
2

0
.0

0
4
0
6
5
4
8
8

7
2
.7

0
1
3
.5

3
7
2
.8

2
2
.1

5
7
1
.4

7
1
3
.5

2
7
1
.5

6
3
.4

1
7
0
.8

7
1
3
.5

1
7
0
.8

9
4
.0

8
C

2
.2

0
.0

3
8
4
2
6
6
6
8

0
.0

0
6
9
0
5
3
5
6

7
1
.2

8
1
3
.5

3
7
1
.4

3
3
.5

4
6
9
.4

9
1
3
.5

2
6
9
.5

7
5
.4

0
6
8
.6

3
1
3
.5

1
6
8
.6

4
6
.3

3
N

0
.0

0
1
2
5
1

2
.3

6
4
8
E

-0
5

7
.0

0
7
4
1
E

-0
6

7
4
.9

3
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

3
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
O

0
.0

0
1
4
2
9

2
.6

2
5
5
7
E

-0
5

1
.2

1
5
6
4
E

-0
5

7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
F

0
.0

0
1
6
9
6

2
.8

8
2
E

-0
5

1
.8

7
7
5
9
E

-0
5

7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
7
4
.9

2
1
3
.5

2
7
4
.9

6
0
.0

1
7
4
.9

2
1
3
.5

2
7
4
.9

6
0
.0

1
N

e
0
.0

0
0
8
9
9
9

1
.2

4
2
1
5
E

-0
5

1
.3

2
3
3
8
E

-0
5

7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
N

a
0
.9

7
1

0
.0

0
9
9
1
9
0
7
7

0
.0

1
5
6
1
8
9
2
9

6
7
.2

3
1
3
.5

2
6
7
.2

5
7
.7

2
6
5
.1

0
1
3
.4

9
6
5
.1

2
9
.8

5
6
4
.5

8
1
3
.4

7
6
4
.6

9
1
0
.2

8
M

g
1
.7

3
8

0
.0

0
7
8
3
3
1
2
5

0
.0

2
7
6
9
3
3
6
1

6
1
.8

5
1
3
.5

1
6
1
.8

5
1
3
.1

2
5
8
.6

1
1
3
.4

5
5
8
.8

3
1
6
.1

4
5
7
.9

3
1
3
.4

2
5
8
.5

2
1
6
.4

5
A

l
2
.6

9
9

0
.0

0
2
8
4
4
7
1
2

0
.0

2
9
6
5
9
9
5
9

6
1
.0

6
1
3
.5

0
6
1
.0

6
1
3
.9

1
5
8
.0

5
1
3
.4

3
5
8
.4

1
1
6
.5

6
5
7
.5

9
1
3
.4

1
5
8
.2

9
1
6
.6

8
S

i
2
.3

3
0
.0

0
0
9
9
7
8
4
7

0
.0

0
1
8
2
6
4
9
5

7
3
.9

9
1
3
.5

2
7
4
.0

2
0
.9

5
7
3
.7

3
1
3
.5

1
7
3
.7

5
1
.2

2
7
3
.6

8
1
3
.5

1
7
3
.6

9
1
.2

8
P

2
.2

0
.0

1
2
6
7
9
2
6
3

0
.0

0
2
3
6
3
7
1
8

7
3
.6

4
1
3
.5

2
7
3
.7

0
1
.2

7
7
3
.0

7
1
3
.5

2
7
3
.1

0
1
.8

7
7
2
.8

4
1
3
.5

1
7
2
.8

6
2
.1

1
S

2
.0

5
0
.0

1
4
7
9
9
8
8
6

0
.0

0
3
5
5
4
3
5
3

7
3
.0

3
1
3
.5

2
7
3
.1

1
1
.8

6
7
2
.2

4
1
3
.5

2
7
2
.2

7
2
.7

0
7
1
.9

5
1
3
.5

1
7
1
.9

6
3
.0

1
C

l
0
.0

0
3
2
1
4

2
.5

3
0
9
2
E

-0
5

6
.5

9
4
5
5
E

-0
6

7
4
.9

3
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

3
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

3
1
3
.5

2
7
4
.9

7
0
.0

0
A

r
0
.0

0
1
7
8
4

1
.3

3
0
2
8
E

-0
5

4
.0

0
1
0
1
E

-0
6

7
4
.9

4
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

3
1
3
.5

2
7
4
.9

7
0
.0

0
7
4
.9

3
1
3
.5

2
7
4
.9

7
0
.0

0
K

0
.8

6
2

0
.0

0
7
9
5
5
1
4
1

0
.0

0
2
2
2
0
7
2

7
3
.7

4
1
3
.5

2
7
3
.7

9
1
.1

8
7
3
.2

9
1
3
.5

1
7
3
.3

2
1
.6

6
7
3
.1

3
1
3
.5

1
7
3
.1

4
1
.8

3
C

a
1
.5

5
0
.0

1
5
6
5
0
3
0
2

0
.0

0
3
5
5
1
4
3
2

7
3
.0

3
1
3
.5

2
7
3
.1

1
1
.8

6
7
2
.2

2
1
3
.5

2
7
2
.2

5
2
.7

2
7
1
.9

1
1
3
.5

1
7
1
.9

2
3
.0

5
S

c
2
.9

8
9

0
.0

3
0
2
9
5
7
6
7

0
.0

0
9
1
2
2
8
9

7
0
.2

3
1
3
.5

3
7
0
.3

4
4
.6

3
6
8
.3

2
1
3
.5

1
6
8
.3

4
6
.6

3
6
7
.5

5
1
3
.5

0
6
7
.5

6
7
.4

1
T

i
4
.5

4
0
.0

4
8
0
8
3
2
1
2

0
.0

1
4
1
8
3
0
8
1

6
7
.8

2
1
3
.5

3
6
8
.0

0
6
.9

7
6
4
.7

7
1
3
.5

2
6
4
.8

1
1
0
.1

7
6
3
.3

8
1
3
.4

9
6
3
.4

0
1
1
.5

7
V

6
.1

1
0
.0

5
6
8
1
8
1
4
6

0
.0

2
5
1
0
7
8
0
5

6
2
.9

7
1
3
.5

4
6
3
.2

0
1
1
.7

7
5
8
.3

1
1
3
.5

1
5
8
.3

2
1
6
.6

5
5
6
.2

5
1
3
.4

4
5
6
.5

3
1
8
.4

4
C

r
7
.1

9
0
.0

6
7
5
4
7
9
4

0
.0

3
8
8
8
3
1
2
7

5
7
.3

9
1
3
.5

6
5
7
.7

3
1
7
.2

4
5
0
.9

6
1
3
.5

0
5
0
.9

6
2
4
.0

1
4
8
.1

1
1
3
.3

7
4
9
.1

8
2
5
.7

9
M

n
7
.3

0
.0

6
7
2
7
3
0
3
6

0
.0

3
1
7
7
4
0
4
4

6
0
.2

4
1
3
.5

5
6
0
.5

6
1
4
.4

1
5
4
.5

1
1
3
.5

1
5
4
.5

2
2
0
.4

6
5
1
.8

5
1
3
.4

1
5
2
.4

0
2
2
.5

7
F

e
7
.8

7
4

0
.0

6
0
6
0
5
3
5
8

0
.0

5
2
2
2
4
2
2
6

5
2
.3

1
1
3
.5

6
5
2
.6

5
2
2
.3

2
4
5
.0

9
1
3
.4

1
4
5
.3

3
2
9
.6

4
4
2
.3

4
1
3
.3

1
4
4
.7

9
3
0
.1

8
C

o
8
.9

0
.0

6
6
6
5
2
1
1
9

0
.0

6
6
2
0
6
6
2
7

4
7
.5

5
1
3
.5

7
4
8
.0

2
2
6
.9

5
3
9
.2

5
1
3
.3

2
4
0
.0

2
3
4
.9

5
3
6
.1

8
1
3
.2

7
4
0
.1

7
3
4
.8

0
N

i
8
.9

0
2

0
.0

5
1
7
7
6
7
8
2

0
.0

7
2
7
2
1
6
4
5

4
5
.2

7
1
3
.5

7
4
5
.5

6
2
9
.4

1
3
7
.3

6
1
3
.2

8
3
9
.1

5
3
5
.8

2
3
4
.9

7
1
3
.2

6
3
9
.6

2
3
5
.3

5
C

u
8
.9

6
0
.0

3
7
5
6
9
0
7
2

0
.0

6
1
3
5
4
6
4
5

4
8
.9

2
1
3
.5

4
4
9
.0

2
2
5
.9

5
4
2
.1

7
1
3
.3

2
4
3
.5

4
3
1
.4

3
4
0
.3

3
1
3
.2

9
4
3
.7

2
3
1
.2

6
Z

n
7
.1

3
3

0
.0

2
5
4
7
9
9
8
5

0
.0

5
5
4
9
5
1
2
8

5
0
.9

3
1
3
.5

2
5
0
.9

7
2
4
.0

0
4
5
.0

3
1
3
.3

4
4
6
.2

8
2
8
.6

9
4
3
.6

4
1
3
.3

1
4
6
.4

0
2
8
.5

7
G

a
6
.0

9
5

0
.0

1
4
8
3
9
0
6
8

0
.0

3
9
3
0
1
9
6
9

5
7
.0

3
1
3
.5

1
5
7
.0

4
1
7
.9

3
5
2
.6

1
1
3
.4

0
5
3
.1

4
2
1
.8

3
5
1
.6

3
1
3
.3

7
5
2
.9

6
2
2
.0

2
G

e
5
.3

2
3

0
.0

0
5
3
3
4
9
1
8

0
.0

3
2
0
9
2
2
1
7

6
0
.0

0
1
3
.5

0
6
0
.0

0
1
4
.9

7
5
6
.4

9
1
3
.4

3
5
6
.8

6
1
8
.1

1
5
5
.8

2
1
3
.4

0
5
6
.6

6
1
8
.3

1
A

s
5
.7

3
0
.0

1
2
1
4
8
5
9
5

0
.0

2
7
0
2
9
8
0
7

6
2
.1

2
1
3
.5

1
6
2
.1

3
1
2
.8

4
5
8
.7

9
1
3
.4

5
5
8
.9

5
1
6
.0

2
5
8
.0

1
1
3
.4

2
5
8
.5

6
1
6
.4

2
S

e
4
.5

0
.0

0
5
5
5
4
5
6
8

0
.0

1
4
8
2
3
1
3
6

6
7
.6

2
1
3
.5

1
6
7
.6

4
7
.3

3
6
5
.7

1
1
3
.4

9
6
5
.7

3
9
.2

4
6
5
.2

9
1
3
.4

7
6
5
.3

8
9
.5

9
B

r
3
.1

2
0
.0

0
6
4
7
5
8
8
5

0
.0

0
5
8
7
5
7
1
6

7
1
.9

2
1
3
.5

2
7
1
.9

5
3
.0

2
7
1
.0

2
1
3
.5

1
7
1
.0

3
3
.9

4
7
0
.7

9
1
3
.5

0
7
0
.7

9
4
.1

8
K

r
0
.0

0
3
7
3
3

-1
.1

9
4
6
5
E

-0
6

1
.4

6
9
3
4
E

-0
5

7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
7
4
.9

3
1
3
.5

2
7
4
.9

6
0
.0

1
R

b
1
.5

3
2

0
.0

0
6
0
7
6
0
2
2

0
.0

0
0
7
2
5
5
9

7
4
.5

2
1
3
.5

2
7
4
.5

6
0
.4

1
7
4
.3

0
1
3
.5

2
7
4
.3

4
0
.6

3
7
4
.2

1
1
3
.5

1
7
4
.2

4
0
.7

3
S

r
2
.5

4
0
.0

1
2
3
0
2
0
1
4

0
.0

0
1
3
3
7
4
4
5

7
4
.1

7
1
3
.5

2
7
4
.2

2
0
.7

5
7
3
.7

4
1
3
.5

2
7
3
.7

8
1
.1

9
7
3
.5

5
1
3
.5

1
7
3
.5

8
1
.3

9
Y

4
.4

5
7

0
.0

2
6
2
7
0
1
6
8

0
.0

0
2
2
8
1
5
2

7
3
.6

1
1
3
.5

2
7
3
.7

3
1
.2

5
7
2
.7

6
1
3
.5

2
7
2
.8

6
2
.1

1
7
2
.3

3
1
3
.5

2
7
2
.3

6
2
.6

1
Z

r
6
.5

0
6

0
.0

4
2
3
2
9
9
2
6

0
.0

0
3
7
1
2
1
5
5

7
2
.8

5
1
3
.5

3
7
3
.0

1
1
.9

6
7
1
.4

4
1
3
.5

3
7
1
.5

7
3
.4

0
7
0
.6

5
1
3
.5

2
7
0
.6

9
4
.2

8
N

b
8
.5

7
0
.0

6
6
2
5
0
6
3
7

0
.0

0
5
1
9
5
9
7
7

7
2
.1

1
1
3
.5

4
7
2
.3

7
2
.6

0
6
9
.9

5
1
3
.5

4
7
0
.2

0
4
.7

8
6
8
.5

5
1
3
.5

2
6
8
.6

5
6
.3

3
M

o
1
0
.2

2
0
.0

7
6
2
0
6
8
7
8

0
.0

0
6
4
3
5
4
8
8

7
1
.5

3
1
3
.5

4
7
1
.8

5
3
.1

2
6
8
.9

6
1
3
.5

4
6
9
.2

6
5
.7

1
6
7
.2

2
1
3
.5

3
6
7
.3

3
7
.6

4
T

c
1
1
.5

0
.0

9
3
7
7
1
1
8
2

0
.0

1
2
0
7
1
6
8
8

6
8
.9

8
1
3
.5

5
6
9
.4

2
5
.5

5
6
5
.1

0
1
3
.5

5
6
5
.4

9
9
.4

8
6
2
.4

4
1
3
.5

2
6
2
.5

2
1
2
.4

5
R

u
1
2
.1

0
.1

1
3
6
4
0
5
9
9

0
.0

1
7
0
6
5
1
5
3

6
6
.9

3
1
3
.5

6
6
7
.5

9
7
.3

8
6
1
.8

3
1
3
.5

7
6
2
.4

7
1
2
.5

1
5
8
.1

0
1
3
.5

3
5
8
.2

2
1
6
.7

6
R

h
1
2
.4

1
0
.1

2
4
9
5
1
7
8
7

0
.0

3
1
1
7
8
2
7
7

6
1
.2

0
1
3
.5

8
6
2
.1

1
1
2
.8

6
5
3
.8

6
1
3
.5

8
5
4
.6

3
2
0
.3

4
4
8
.7

6
1
3
.5

1
4
8
.7

6
2
6
.2

1
P

d
1
2
.0

2
0
.1

2
3
8
7
9
8
8

0
.0

4
6
3
9
9
1
0
2

5
5
.3

9
1
3
.5

9
5
6
.5

0
1
8
.4

7
4
6
.4

3
1
3
.5

9
4
7
.1

4
2
7
.8

3
4
0
.7

5
1
3
.3

4
4
1
.4

5
3
3
.5

2
A

g
1
0
.5

0
.1

0
9
6
9
7
3
5
7

0
.0

7
9
3
8
2
5
2
4

4
4
.1

9
1
3
.6

1
4
5
.6

2
2
9
.3

6
3
3
.5

4
1
3
.6

0
3
3
.8

2
4
1
.1

6
2
8
.3

1
1
3
.2

2
3
3
.6

6
4
1
.3

1
C

d
8
.6

5
0
.0

7
1
8
4
1
0
9
1

0
.0

5
4
9
8
1
1
4
6

5
1
.4

5
1
3
.5

7
5
1
.9

3
2
3
.0

4
4
3
.5

8
1
3
.4

3
4
3
.6

9
3
1
.2

8
4
0
.3

1
1
3
.3

0
4
2
.9

9
3
1
.9

8
In

7
.3

1
0
.0

6
9
7
0
2
3
7
9

0
.0

7
0
0
3
3
4
5
3

4
6
.3

4
1
3
.5

8
4
6
.8

8
2
8
.0

9
3
7
.7

3
1
3
.3

1
3
8
.6

6
3
6
.3

1
3
4
.5

2
1
3
.2

6
3
8
.9

4
3
6
.0

3
S

n
7
.3

0
.0

5
8
4
5
6
4
0
2

0
.0

7
2
5
5
7
9
1
9

4
5
.3

9
1
3
.5

7
4
5
.7

7
2
9
.2

0
3
7
.1

8
1
3
.2

9
3
8
.7

1
3
6
.2

6
3
4
.4

9
1
3
.2

6
3
9
.1

7
3
5
.8

1
S

b
6
.6

9
1

0
.0

5
4
8
1
7
9
4
1

0
.0

6
7
3
5
6
7
5

4
7
.0

4
1
3
.5

7
4
7
.3

5
2
7
.6

2
3
9
.2

1
1
3
.3

1
4
0
.4

8
3
4
.4

9
3
6
.6

7
1
3
.2

7
4
0
.7

7
3
4
.2

0
T

e
6
.2

4
0
.0

2
7
1
5
4
6
4
7

0
.0

7
4
9
2
1
5
3
4

4
4
.4

1
1
3
.5

2
4
4
.4

4
3
0
.5

4
3
7
.5

9
1
3
.2

7
4
0
.3

8
3
4
.5

9
3
6
.2

1
1
3
.2

7
4
0
.8

2
3
4
.1

5
I

4
.9

3
0
.0

1
2
1
3
5
0
2
6

0
.0

5
8
2
6
0
1
8

4
9
.9

4
1
3
.5

0
4
9
.9

4
2
5
.0

3
4
4
.5

1
1
3
.3

2
4
6
.2

9
2
8
.6

8
4
3
.5

6
1
3
.3

1
4
6
.4

7
2
8
.5

0
X

e
0
.0

0
5
8
8
7

-4
.8

3
1
2
8
E

-0
6

7
.3

4
3
3
8
E

-0
5

7
4
.9

0
1
3
.5

2
7
4
.9

3
0
.0

4
7
4
.8

9
1
3
.5

2
7
4
.9

2
0
.0

5
7
4
.8

9
1
3
.5

2
7
4
.9

2
0
.0

5
C

s
1
.8

7
3

-0
.0

0
6
6
0
5
1
7
1

0
.0

1
9
6
3
3
7
2

6
5
.4

9
1
3
.5

0
6
5
.4

9
9
.4

9
6
3
.4

7
1
3
.4

6
6
3
.5

8
1
1
.3

9
6
3
.1

9
1
3
.4

5
6
3
.4

3
1
1
.5

4
B

a
3
.5

-0
.0

1
0
5
7
5
9
0
9

0
.0

0
7
0
4
7
9
2
1

7
1
.4

7
1
3
.5

1
7
1
.4

8
3
.5

0
7
0
.8

4
1
3
.5

0
7
0
.8

5
4
.1

3
7
0
.8

1
1
3
.4

9
7
0
.8

2
4
.1

5
L

a
6
.1

6
6

-0
.0

0
3
8
5
6
2
8
5

0
.0

0
6
1
6
0
4
1
2

7
1
.8

5
1
3
.5

1
7
1
.8

7
3
.1

0
7
1
.1

7
1
3
.5

0
7
1
.1

7
3
.8

0
7
1
.0

7
1
3
.5

0
7
1
.0

7
3
.9

0
C

e
6
.7

7
1

-0
.0

0
6
4
8
8
7
2
8

0
.0

0
6
2
3
8
0
9
1

7
1
.8

4
1
3
.5

1
7
1
.8

5
3
.1

2
7
1
.2

0
1
3
.5

0
7
1
.2

0
3
.7

7
7
1
.1

4
1
3
.5

0
7
1
.1

4
3
.8

3
P

r
6
.7

0
.0

1
6
8
5
1
1
6
8

0
.0

0
7
3
3
7
2
5
4

7
1
.1

4
1
3
.5

2
7
1
.2

2
3
.7

5
6
9
.8

1
1
3
.5

1
6
9
.8

2
5
.1

5
6
9
.3

6
1
3
.5

0
6
9
.3

6
5
.6

1
N

d
6
.9

0
.0

2
5
9
7
0
9

0
.0

1
2
7
7
9
8
9
3

6
8
.5

0
1
3
.5

2
6
8
.5

9
6
.3

8
6
6
.2

4
1
3
.5

0
6
6
.2

4
8
.7

3
6
5
.4

4
1
3
.4

8
6
5
.4

8
9
.4

9
P

m
7

0
.0

2
2
1
9
8
5
1
1

0
.0

1
2
9
8
7
1
8
2

6
8
.4

1
1
3
.5

2
6
8
.4

9
6
.4

8
6
6
.2

3
1
3
.5

0
6
6
.2

3
8
.7

4
6
5
.5

1
1
3
.4

8
6
5
.5

5
9
.4

2
S

m
7
.5

0
.0

2
4
2
0
9
2
0
7

0
.0

1
6
9
0
7
7
5
3

6
6
.5

8
1
3
.5

2
6
6
.6

6
8
.3

1
6
3
.8

8
1
3
.4

9
6
3
.8

9
1
1
.0

8
6
3
.0

1
1
3
.4

7
6
3
.1

3
1
1
.8

4
E

u
5
.2

5
3

0
.0

1
9
1
4
0
8
7
7

0
.0

1
2
4
9
5
6
6
4

6
8
.6

5
1
3
.5

2
6
8
.7

3
6
.2

5
6
6
.6

2
1
3
.5

0
6
6
.6

2
8
.3

5
6
5
.9

8
1
3
.4

8
6
6
.0

2
8
.9

5
G

d
7
.8

9
8

0
.0

2
5
8
2
4
4
6
1

0
.0

1
8
7
6
7
0
7

6
5
.7

3
1
3
.5

2
6
5
.8

2
9
.1

6
6
2
.7

7
1
3
.4

9
6
2
.7

8
1
2
.1

9
6
1
.8

2
1
3
.4

6
6
1
.9

9
1
2
.9

9
T

b
8
.2

3
4

0
.0

3
1
4
5
9
8
1
6

0
.0

2
2
1
3
4
0
1
5

6
4
.2

2
1
3
.5

3
6
4
.3

2
1
0
.6

5
6
0
.7

1
1
3
.4

9
6
0
.7

3
1
4
.2

4
5
9
.5

2
1
3
.4

4
5
9
.7

9
1
5
.1

8
D

y
8
.5

4
0
.0

2
9
3
7
6
9
8
9

0
.0

2
6
8
9
5
5
3
6

6
2
.1

5
1
3
.5

3
6
2
.2

3
1
2
.7

4
5
8
.2

2
1
3
.4

7
5
8
.2

8
1
6
.6

9
5
6
.9

8
1
3
.4

2
5
7
.4

8
1
7
.4

9
H

o
8
.7

8
1

0
.0

2
7
6
0
3
8
0
7

0
.0

2
5
5
2
2
3
8
5

6
2
.7

4
1
3
.5

2
6
2
.8

2
1
2
.1

5
5
9
.0

1
1
3
.4

7
5
9
.0

6
1
5
.9

1
5
7
.8

5
1
3
.4

3
5
8
.2

8
1
6
.6

9
E

r
9
.0

4
5

0
.0

2
9
2
5
8
6
2

0
.0

2
6
9
8
5
9
0
2

6
2
.1

1
1
3
.5

3
6
2
.1

9
1
2
.7

8
5
8
.1

8
1
3
.4

7
5
8
.2

4
1
6
.7

3
5
6
.9

4
1
3
.4

2
5
7
.4

4
1
7
.5

3
T

m
9
.3

1
4

0
.0

2
7
6
6
9
4
8
4

0
.0

2
8
2
1
5
2
8
7

6
1
.5

8
1
3
.5

2
6
1
.6

6
1
3
.3

1
5
7
.5

9
1
3
.4

7
5
7
.6

8
1
7
.3

0
5
6
.3

8
1
3
.4

2
5
6
.9

5
1
8
.0

2
Y

b
6
.7

0
.0

1
5
9
9
2
3
4
3

0
.0

2
1
4
5
9
3
6
2

6
4
.5

5
1
3
.5

2
6
4
.5

8
1
0
.3

9
6
1
.6

2
1
3
.4

8
6
1
.6

7
1
3
.3

0
6
0
.8

4
1
3
.4

5
6
1
.1

3
1
3
.8

5
L

u
9
.8

3
5

0
.0

2
9
9
2
3
1
1
1

0
.0

2
7
0
6
9
4
6
1

6
2
.0

7
1
3
.5

3
6
2
.1

6
1
2
.8

1
5
8
.1

1
1
3
.4

7
5
8
.1

7
1
6
.8

0
5
6
.8

5
1
3
.4

2
5
7
.3

6
1
7
.6

2
H

f
1
3
.3

1
0
.0

3
8
8
7
7
0
6
6

0
.0

3
4
5
1
7
7
8
7

5
8
.9

7
1
3
.5

3
5
9
.0

9
1
5
.8

8
5
3
.9

9
1
3
.4

6
5
4
.1

0
2
0
.8

7
5
2
.3

1
1
3
.3

9
5
3
.2

5
2
1
.7

2
T

a
1
6
.6

5
0
.0

5
7
0
9
5
0
5
8

0
.0

4
0
8
0
8
2
7
9

5
6
.5

6
1
3
.5

5
5
6
.8

1
1
8
.1

6
5
0
.3

4
1
3
.4

7
5
0
.3

9
2
4
.5

8
4
7
.8

8
1
3
.3

6
4
9
.2

2
2
5
.7

5
W

1
9
.3

0
.0

6
7
1
2
2
0
0
5

0
.0

3
2
9
4
8
8
0
3

5
9
.7

6
1
3
.5

5
6
0
.0

8
1
4
.8

9
5
3
.9

1
1
3
.5

1
5
3
.9

2
2
1
.0

6
5
1
.2

3
1
3
.4

0
5
1
.8

5
2
3
.1

2
R

e
2
1
.0

2
0
.0

8
5
0
9
9
3
9
9

0
.0

3
9
8
9
5
3
8
6

5
7
.1

8
1
3
.5

7
5
7
.7

5
1
7
.2

2
5
0
.0

4
1
3
.5

3
5
0
.1

1
2
4
.8

6
4
6
.4

1
1
3
.3

6
4
7
.3

4
2
7
.6

3
O

s
2
2
.5

7
0
.0

9
6
4
9
1
1
2
1

0
.0

4
3
4
9
7
4
2
5

5
5
.9

7
1
3
.5

8
5
6
.6

9
1
8
.2

8
4
8
.1

1
1
3
.5

5
4
8
.2

7
2
6
.7

0
4
3
.8

6
1
3
.3

4
4
4
.9

4
3
0
.0

3
Ir

2
2
.4

2
0
.0

9
5
0
1
9
5
9
4

0
.0

4
4
2
8
0
8
3
8

5
5
.6

5
1
3
.5

8
5
6
.3

6
1
8
.6

1
4
7
.7

7
1
3
.5

5
4
7
.9

1
2
7
.0

6
4
3
.5

7
1
3
.3

4
4
4
.7

5
3
0
.2

2
P

t
2
1
.4

5
0
.1

0
9
3
3
7
6
4
3

0
.0

6
0
0
3
6
9
7
6

5
0
.3

2
1
3
.6

0
5
1
.4

0
2
3
.5

7
4
0
.7

2
1
3
.5

8
4
1
.0

4
3
3
.9

3
3
5
.5

4
1
3
.2

7
3
8
.3

2
3
6
.6

5
A

u
1
9
.3

2
0
.1

0
1
2
2
1
7
6
3

0
.0

5
1
7
5
0
2
9
1

5
3
.0

3
1
3
.5

8
5
3
.8

9
2
1
.0

8
4
4
.3

1
1
3
.5

6
4
4
.5

2
3
0
.4

5
3
9
.6

5
1
3
.3

0
4
1
.5

5
3
3
.4

2
H

g
1
3
.5

5
0
.0

6
6
6
5
5
5
2
4

0
.0

4
4
5
5
3
7
2
3

5
5
.2

0
1
3
.5

6
5
5
.5

9
1
9
.3

9
4
8
.3

1
1
3
.4

7
4
8
.3

3
2
6
.6

4
4
5
.3

9
1
3
.3

4
4
7
.0

0
2
7
.9

7
T

l
1
1
.8

5
0
.0

6
3
1
2
9
9
7
6

0
.0

4
2
1
2
5
3
7
4

5
6
.0

9
1
3
.5

6
5
6
.4

1
1
8
.5

7
4
9
.5

4
1
3
.4

8
4
9
.5

6
2
5
.4

1
4
6
.8

1
1
3
.3

5
4
8
.2

2
2
6
.7

5
P

b
1
1
.3

5
0
.0

6
5
2
9
4
1
4
7

0
.0

4
9
1
1
3
2
0
7

5
3
.4

9
1
3
.5

6
5
3
.8

7
2
1
.1

0
4
6
.3

0
1
3
.4

4
4
6
.3

9
2
8
.5

8
4
3
.3

7
1
3
.3

2
4
5
.4

7
2
9
.5

0
B

i
9
.7

4
7

0
.0

5
5
7
0
4
2
9
6

0
.0

5
5
3
3
8
9
9

5
1
.1

5
1
3
.5

6
5
1
.4

2
2
3
.5

5
4
3
.9

3
1
3
.3

7
4
4
.4

1
3
0
.5

6
4
1
.3

7
1
3
.3

0
4
4
.1

7
3
0
.8

1
P

o
9
.3

2
0
.0

4
8
5
8
7
5
4
2

0
.0

5
5
6
5
9
5
6
6

5
0
.9

8
1
3
.5

5
5
1
.1

7
2
3
.8

0
4
4
.0

5
1
3
.3

6
4
4
.7

3
3
0
.2

4
4
1
.7

8
1
3
.3

0
4
4
.6

2
3
0
.3

5
R

n
9
.7

3
3
.6

0
1
5
4
E

-0
5

7
.3

3
9
4
5
E

-0
5

7
4
.9

0
1
3
.5

2
7
4
.9

3
0
.0

4
7
4
.8

9
1
3
.5

2
7
4
.9

2
0
.0

5
7
4
.8

9
1
3
.5

2
7
4
.9

2
0
.0

5
R

a
5

0
.0

0
9
3
4
7
0
2
9

0
.0

4
7
2
8
2
9
9

5
3
.9

5
1
3
.5

0
5
3
.9

5
2
1
.0

2
4
9
.2

3
1
3
.3

6
5
0
.2

8
2
4
.6

9
4
8
.3

7
1
3
.3

5
5
0
.3

1
2
4
.6

6
A

c
1
0
.0

7
-0

.0
1
3
4
9
2
4
1
2

0
.0

7
7
7
6
6
6
7
2

4
3
.5

6
1
3
.3

6
4
4
.0

5
3
0
.9

2
3
8
.6

9
1
3
.2

6
4
2
.6

5
3
2
.3

2
3
8
.5

9
1
3
.2

9
4
2
.6

7
3
2
.3

0
T

h
1
1
.7

2
0
.0

0
0
9
2
4
7
7
1

0
.0

4
2
4
6
0
0
1
7

5
5
.8

3
1
3
.4

9
5
5
.8

3
1
9
.1

4
5
1
.7

7
1
3
.3

8
5
2
.6

7
2
2
.3

0
5
1
.1

4
1
3
.3

6
5
2
.6

7
2
2
.3

0
P

a
1
5
.3

7
-0

.0
1
2
8
0
8
4
2
7

0
.0

1
2
1
4
9
2

6
9
.0

1
1
3
.5

0
6
9
.0

2
5
.9

6
6
7
.9

1
1
3
.4

8
6
7
.9

4
7
.0

3
6
7
.8

2
1
3
.4

8
6
7
.8

8
7
.0

9
U

1
8
.9

2
0
.0

3
0
3
1
3
9
9
3

0
.0

0
7
8
1
8
4
6
9

7
0
.8

6
1
3
.5

3
7
0
.9

7
4
.0

0
6
9
.1

3
1
3
.5

2
6
9
.1

6
5
.8

1
6
8
.4

1
1
3
.5

0
6
8
.4

1
6
.5

6



   

 66

 
R

(S
i)

=
7
3
.6

7
5

S
y
m

b
o

l
c
a
p

=
2

 n
m

c
a
p

=
3
 n

m
c
a
p

 =
 4

 n
m

R
(%

) 
a

t 
1

3
.5

 n
m

λ
 m

a
x
 (

n
m

)
R

m
a
x

R
(S

i)
 -

 R
m

a
x

R
(%

) 
a
t 

1
3
.5

 n
m

λ
 m

a
x
 (

n
m

)
R

m
a
x

R
(S

i)
-R

m
a

x
R

(%
) 

a
t 

1
3

.5
 n

m
λ

 m
a
x
 (

n
m

)
R

m
a

x
R

(S
i)
-R

m
a
x

H
7
3

.6
7
5

1
3
.5

1
0

7
3
.6

8
9

-0
.0

1
7
3
.6

7
5

1
3
.5

1
0

7
3
.6

8
8

-0
.0

1
7
3
.6

7
5

1
3
.5

1
0

7
3
.6

8
9

-0
.0

1
H

e
7
3

.6
7
5

1
3
.5

1
0

7
3
.6

8
9

-0
.0

1
7
3
.6

7
5

1
3
.5

1
0

7
3
.6

8
8

-0
.0

1
7
3
.6

7
4

1
3
.5

1
0

7
3
.6

8
8

-0
.0

1
L
i

7
2

.5
4
9

1
3
.5

2
9

7
2
.7

1
4

0
.9

6
7
0
.3

2
2

1
3
.5

4
1

7
0
.6

4
0

3
.0

4
6
7
.5

7
1

1
3
.5

4
5

6
7
.9

1
9

5
.7

6
B

e
7
3

.7
5
2

1
3
.5

1
1

7
3
.7

6
9

-0
.0

9
7
3
.5

4
7

1
3
.5

1
5

7
3
.5

7
6

0
.1

0
7
3
.1

1
9

1
3
.5

1
7

7
3
.1

5
9

0
.5

2
B

7
4

.0
5
9

1
3
.5

1
0

7
4
.0

7
4

-0
.4

0
7
3
.6

4
6

1
3
.5

2
0

7
3
.7

2
6

-0
.0

5
7
2
.5

7
0

1
3
.5

2
7

7
2
.7

0
4

0
.9

7
C

7
3

.8
9
8

1
3
.5

1
5

7
3
.9

2
8

-0
.2

5
7
3
.0

0
1

1
3
.5

2
7

7
3
.1

3
9

0
.5

4
7
1
.2

3
2

1
3
.5

3
6

7
1
.4

6
2

2
.2

1
N

7
3

.6
7
5

1
3
.5

1
0

7
3
.6

8
9

-0
.0

1
7
3
.6

7
4

1
3
.5

1
0

7
3
.6

8
7

-0
.0

1
7
3
.6

7
2

1
3
.5

1
0

7
3
.6

8
5

-0
.0

1
O

7
3

.6
7
4

1
3
.5

1
0

7
3
.6

8
8

-0
.0

1
7
3
.6

7
2

1
3
.5

1
0

7
3
.6

8
6

-0
.0

1
7
3
.6

6
8

1
3
.5

1
0

7
3
.6

8
2

-0
.0

1
F

7
3

.6
7
3

1
3
.5

1
0

7
3
.6

8
7

-0
.0

1
7
3
.6

7
0

1
3
.5

1
0

7
3
.6

8
3

-0
.0

1
7
3
.6

6
4

1
3
.5

1
0

7
3
.6

7
8

0
.0

0
N

e
7
3

.6
7
4

1
3
.5

1
0

7
3
.6

8
7

-0
.0

1
7
3
.6

7
1

1
3
.5

1
0

7
3
.6

8
5

-0
.0

1
7
3
.6

6
7

1
3
.5

1
0

7
3
.6

8
1

-0
.0

1
N

a
7
1

.9
5
1

1
3
.5

3
6

7
2
.2

1
3

1
.4

6
6
8
.7

4
2

1
3
.5

5
4

6
9
.2

7
7

4
.4

0
6
4
.9

0
7

1
3
.5

6
0

6
5
.5

3
3

8
.1

4
M

g
7
0

.3
7
4

1
3
.5

5
4

7
0
.9

8
2

2
.6

9
6
4
.7

5
8

1
3
.5

7
7

6
6
.0

7
7

7
.6

0
5
8
.4

6
8

1
3
.5

8
5

5
9
.8

2
9

1
3
.8

5
A

l
6
9

.7
6
1

1
3
.5

6
0

7
0
.5

5
9

3
.1

2
6
3
.5

2
9

1
3
.5

8
2

6
5
.0

4
7

8
.6

3
5
6
.9

1
6

1
3
.5

8
8

5
8
.3

5
0

1
5
.3

2
S

i
7
3

.4
6
2

1
3
.5

1
4

7
3
.4

9
0

0
.1

9
7
3
.0

6
0

1
3
.5

1
7

7
3
.0

9
9

0
.5

8
7
2
.5

7
0

1
3
.5

1
7

7
2
.6

1
0

1
.0

7
P

7
3

.7
3
4

1
3
.5

1
2

7
3
.7

5
3

-0
.0

8
7
3
.3

9
1

1
3
.5

1
7

7
3
.4

3
2

0
.2

4
7
2
.7

4
2

1
3
.5

2
1

7
2
.8

2
3

0
.8

5
S

7
3

.6
4
1

1
3
.5

1
4

7
3
.6

6
9

0
.0

1
7
3
.0

7
0

1
3
.5

2
1

7
3
.1

5
4

0
.5

2
7
2
.1

1
1

1
3
.5

2
4

7
2
.2

2
0

1
.4

6
C

l
7
3

.6
7
5

1
3
.5

1
0

7
3
.6

8
9

-0
.0

1
7
3
.6

7
4

1
3
.5

1
0

7
3
.6

8
8

-0
.0

1
7
3
.6

7
2

1
3
.5

1
0

7
3
.6

8
6

-0
.0

1
A

r
7
3

.6
7
5

1
3
.5

1
0

7
3
.6

8
9

-0
.0

1
7
3
.6

7
4

1
3
.5

1
0

7
3
.6

8
8

-0
.0

1
7
3
.6

7
3

1
3
.5

1
0

7
3
.6

8
7

-0
.0

1
K

7
3

.6
1
5

1
3
.5

1
3

7
3
.6

3
8

0
.0

4
7
3
.2

3
1

1
3
.5

1
7

7
3
.2

7
2

0
.4

0
7
2
.6

2
5

1
3
.5

2
0

7
2
.6

7
7

1
.0

0
C

a
7
3

.6
6
6

1
3
.5

1
4

7
3
.6

9
3

-0
.0

2
7
3
.1

0
9

1
3
.5

2
1

7
3
.1

9
3

0
.4

8
7
2
.1

5
0

1
3
.5

2
4

7
2
.2

6
0

1
.4

1
S

c
7
3

.3
8
8

1
3
.5

2
1

7
3
.4

7
9

0
.2

0
7
1
.8

9
4

1
3
.5

3
4

7
2
.1

0
8

1
.5

7
6
9
.5

6
5

1
3
.5

4
2

6
9
.8

7
3

3
.8

0
T

i
7
3

.2
9
1

1
3
.5

2
5

7
3
.4

1
9

0
.2

6
7
1
.1

1
3

1
3
.5

4
3

7
1
.4

6
8

2
.2

1
6
7
.6

7
7

1
3
.5

5
9

6
8
.2

4
8

5
.4

3
V

7
2

.2
6
9

1
3
.5

3
8

7
2
.5

6
9

1
.1

1
6
8
.2

3
7

1
3
.5

6
5

6
9
.1

3
1

4
.5

4
6
2
.5

7
1

1
3
.5

8
1

6
3
.8

7
9

9
.8

0
C

r
7
1

.0
5
4

1
3
.5

5
2

7
1
.6

4
3

2
.0

3
6
4
.9

3
9

1
3
.5

8
4

6
6
.5

7
3

7
.1

0
5
6
.8

9
4

1
3
.6

0
5

5
9
.3

3
9

1
4
.3

4
M

n
7
1

.8
3
5

1
3
.5

4
4

7
2
.2

4
3

1
.4

3
6
6
.8

8
6

1
3
.5

7
3

6
8
.0

9
3

5
.5

8
6
0
.0

5
7

1
3
.5

9
5

6
1
.8

5
3

1
1
.8

2
F

e
6
9

.3
6
4

1
3
.5

6
6

7
0
.4

7
0

3
.2

1
6
0
.9

9
1

1
3
.6

0
2

6
3
.7

0
4

9
.9

7
5
0
.8

7
6

1
3
.6

2
1

5
4
.3

7
6

1
9
.3

0
C

o
6
8

.1
0
0

1
3
.5

7
4

6
9
.6

3
5

4
.0

4
5
7
.9

1
3

1
3
.6

1
2

6
1
.5

4
9

1
2
.1

3
4
6
.0

8
2

1
3
.6

3
7

5
0
.6

8
5

2
2
.9

9
N

i
6
6

.8
6
4

1
3
.5

8
2

6
8
.7

9
9

4
.8

8
5
5
.3

5
1

1
3
.6

1
9

5
9
.6

6
5

1
4
.0

1
4
2
.7

2
0

1
3
.6

4
3

4
8
.0

1
6

2
5
.6

6
C

u
6
7

.5
3
6

1
3
.5

7
7

6
9
.1

8
4

4
.4

9
5
7
.1

5
8

1
3
.6

1
2

6
0
.8

1
8

1
2
.8

6
4
5
.7

5
6

1
3
.6

3
3

4
9
.9

3
0

2
3
.7

5
Z

n
6
7

.7
3
1

1
3
.5

7
5

6
9
.2

7
3

4
.4

0
5
7
.8

6
9

1
3
.6

0
9

6
1
.2

2
6

1
2
.4

5
4
7
.1

9
3

1
3
.6

2
5

5
0
.8

5
0

2
2
.8

2
G

a
6
9

.2
1
4

1
3
.5

6
5

7
0
.2

3
2

3
.4

4
6
1
.6

8
1

1
3
.5

9
4

6
3
.7

8
1

9
.8

9
5
3
.3

5
8

1
3
.6

0
6

5
5
.7

0
7

1
7
.9

7
G

e
6
9

.7
4
7

1
3
.5

6
1

7
0
.5

7
5

3
.1

0
6
3
.2

5
8

1
3
.5

8
4

6
4
.8

9
7

8
.7

8
5
6
.1

7
4

1
3
.5

9
4

5
7
.8

3
2

1
5
.8

4
A

s
7
0

.6
0
2

1
3
.5

5
2

7
1
.1

6
3

2
.5

1
6
5
.2

0
9

1
3
.5

7
5

6
6
.4

6
0

7
.2

1
5
9
.0

3
6

1
3
.5

8
4

6
0
.3

7
2

1
3
.3

0
S

e
7
1

.9
1
3

1
3
.5

3
6

7
2
.1

7
3

1
.5

0
6
8
.7

8
2

1
3
.5

5
3

6
9
.2

9
0

4
.3

9
6
5
.1

3
0

1
3
.5

5
7

6
5
.6

5
6

8
.0

2
B

r
7
3

.0
9
4

1
3
.5

2
1

7
3
.1

8
5

0
.4

9
7
1
.8

7
9

1
3
.5

2
8

7
2
.0

3
0

1
.6

5
7
0
.3

3
8

1
3
.5

3
0

7
0
.5

0
1

3
.1

7
K

r
7
3

.6
7
3

1
3
.5

1
0

7
3
.6

8
7

-0
.0

1
7
3
.6

7
0

1
3
.5

1
0

7
3
.6

8
4

-0
.0

1
7
3
.6

6
6

1
3
.5

1
0

7
3
.6

8
0

0
.0

0
R

b
7
3

.7
5
6

1
3
.5

1
0

7
3
.7

7
0

-0
.0

9
7
3
.6

8
0

1
3
.5

1
2

7
3
.7

0
0

-0
.0

3
7
3
.4

7
3

1
3
.5

1
4

7
3
.4

9
8

0
.1

8
S

r
7
3

.8
5
6

1
3
.5

1
0

7
3
.8

6
9

-0
.1

9
7
3
.7

3
6

1
3
.5

1
3

7
3
.7

6
1

-0
.0

9
7
3
.3

5
8

1
3
.5

1
7

7
3
.3

9
7

0
.2

8
Y

7
4

.1
3
3

1
3
.5

0
8

7
4
.1

4
2

-0
.4

7
7
4
.0

1
9

1
3
.5

1
5

7
4
.0

4
9

-0
.3

7
7
3
.3

9
5

1
3
.5

2
1

7
3
.4

8
2

0
.1

9
Z

r
7
4

.4
0
2

1
3
.5

0
6

7
4
.4

0
8

-0
.7

3
7
4
.2

3
3

1
3
.5

1
7

7
4
.2

7
5

-0
.6

0
7
3
.2

7
5

1
3
.5

2
6

7
3
.4

0
5

0
.2

7
N

b
7
4

.8
7
1

1
3
.5

0
3

7
4
.8

7
3

-1
.2

0
7
4
.7

7
7

1
3
.5

1
8

7
4
.8

2
3

-1
.1

5
7
3
.5

5
8

1
3
.5

3
1

7
3
.7

3
6

-0
.0

6
M

o
7
4

.9
8
9

1
3
.5

0
3

7
4
.9

9
1

-1
.3

2
7
4
.8

1
1

1
3
.5

2
0

7
4
.8

9
1

-1
.2

2
7
3
.3

5
4

1
3
.5

3
5

7
3
.5

7
3

0
.1

0
T

c
7
4

.8
0
8

1
3
.5

1
0

7
4
.8

2
2

-1
.1

5
7
3
.8

6
7

1
3
.5

3
1

7
4
.0

4
7

-0
.3

7
7
1
.2

5
3

1
3
.5

5
1

7
1
.7

0
2

1
.9

7
R

u
7
4

.7
8
4

1
3
.5

1
3

7
4
.8

1
1

-1
.1

4
7
3
.3

2
3

1
3
.5

3
8

7
3
.5

9
9

0
.0

8
6
9
.8

5
8

1
3
.5

6
3

7
0
.5

9
0

3
.0

8
R

h
7
3

.6
0
8

1
3
.5

3
0

7
3
.8

0
0

-0
.1

3
7
0
.0

8
4

1
3
.5

6
4

7
0
.9

1
4

2
.7

6
6
4
.0

9
2

1
3
.5

8
9

6
5
.7

0
1

7
.9

7
P

d
7
2

.0
3
6

1
3
.5

4
7

7
2
.5

1
3

1
.1

6
6
6
.2

2
6

1
3
.5

8
3

6
7
.8

3
1

5
.8

4
5
7
.7

6
4

1
3
.6

1
0

6
0
.6

1
3

1
3
.0

6
A

g
6
8

.3
5
3

1
3
.5

7
4

6
9
.9

1
5

3
.7

6
5
7
.8

2
4

1
3
.6

1
5

6
1
.7

3
6

1
1
.9

4
4
5
.0

9
1

1
3
.6

4
4

5
0
.7

3
8

2
2
.9

4
C

d
6
9

.4
6
1

1
3
.5

6
6

7
0
.5

6
7

3
.1

1
6
0
.9

9
9

1
3
.6

0
3

6
3
.7

8
1

9
.8

9
5
0
.6

0
6

1
3
.6

2
3

5
4
.3

1
8

1
9
.3

6
In

6
7

.8
1
8

1
3
.5

7
6

6
9
.4

5
9

4
.2

2
5
7
.2

1
2

1
3
.6

1
4

6
1
.0

7
8

1
2
.6

0
4
4
.9

7
7

1
3
.6

4
1

5
0
.0

7
6

2
3
.6

0
S

n
6
7

.1
3
7

1
3
.5

8
0

6
8
.9

9
0

4
.6

9
5
5
.8

5
2

1
3
.6

1
8

6
0
.0

5
8

1
3
.6

2
4
3
.2

6
9

1
3
.6

4
3

4
8
.5

6
3

2
5
.1

1
S

b
6
7

.5
4
2

1
3
.5

7
7

6
9
.2

3
8

4
.4

4
5
6
.8

3
9

1
3
.6

1
4

6
0
.7

1
9

1
2
.9

6
4
4
.8

0
0

1
3
.6

4
0

4
9
.4

9
2

2
4
.1

8
T

e
6
5

.6
6
3

1
3
.5

8
8

6
7
.9

8
8

5
.6

9
5
3
.0

9
6

1
3
.6

2
4

5
7
.9

4
0

1
5
.7

3
4
0
.2

2
8

1
3
.6

4
5

4
5
.5

8
0

2
8
.1

0
I

6
6

.9
0
8

1
3
.5

8
0

6
8
.7

0
5

4
.9

7
5
6
.2

4
7

1
3
.6

1
3

5
9
.9

7
9

1
3
.7

0
4
5
.2

5
9

1
3
.6

2
9

4
9
.0

3
8

2
4
.6

4
X

e
7
3

.6
6
5

1
3
.5

1
0

7
3
.6

7
9

0
.0

0
7
3
.6

4
8

1
3
.5

1
0

7
3
.6

6
3

0
.0

1
7
3
.6

2
8

1
3
.5

1
0

7
3
.6

4
3

0
.0

3
C

s
7
0

.9
0
0

1
3
.5

4
7

7
1
.3

3
9

2
.3

4
6
6
.5

4
1

1
3
.5

6
5

6
7
.4

1
2

6
.2

6
6
1
.8

9
6

1
3
.5

6
7

6
2
.6

8
2

1
0
.9

9
B

a
7
2

.4
1
7

1
3
.5

2
7

7
2
.5

6
4

1
.1

1
7
0
.6

5
5

1
3
.5

3
4

7
0
.8

6
6

2
.8

1
6
8
.8

7
6

1
3
.5

3
1

6
9
.0

4
5

4
.6

3
L
a

7
2

.7
4
3

1
3
.5

2
4

7
2
.8

5
9

0
.8

2
7
1
.2

9
2

1
3
.5

3
0

7
1
.4

6
4

2
.2

1
6
9
.7

0
5

1
3
.5

2
9

6
9
.8

6
1

3
.8

1
C

e
7
2

.6
5
1

1
3
.5

2
5

7
2
.7

7
4

0
.9

0
7
1
.1

3
9

1
3
.5

3
1

7
1
.3

1
7

2
.3

6
6
9
.5

4
2

1
3
.5

2
9

6
9
.6

9
6

3
.9

8
P

r
7
3

.2
1
6

1
3
.5

2
1

7
3
.3

0
8

0
.3

7
7
1
.8

6
1

1
3
.5

3
1

7
2
.0

4
1

1
.6

3
6
9
.9

5
0

1
3
.5

3
5

7
0
.1

7
4

3
.5

0
N

d
7
2

.8
0
4

1
3
.5

2
8

7
2
.9

6
1

0
.7

1
7
0
.4

8
3

1
3
.5

4
4

7
0
.8

4
1

2
.8

3
6
7
.2

9
0

1
3
.5

5
3

6
7
.7

5
9

5
.9

2
P

m
7
2

.6
6
4

1
3
.5

2
9

7
2
.8

3
4

0
.8

4
7
0
.2

2
9

1
3
.5

4
5

7
0
.6

0
5

3
.0

7
6
6
.9

8
4

1
3
.5

5
3

6
7
.4

5
6

6
.2

2
S

m
7
2

.2
3
9

1
3
.5

3
4

7
2
.4

8
1

1
.1

9
6
9
.0

5
7

1
3
.5

5
5

6
9
.6

1
0

4
.0

7
6
4
.9

4
1

1
3
.5

6
4

6
5
.6

7
7

8
.0

0
E

u
7
2

.6
3
2

1
3
.5

2
9

7
2
.8

0
2

0
.8

7
7
0
.2

4
0

1
3
.5

4
4

7
0
.6

0
3

3
.0

7
6
7
.1

0
5

1
3
.5

5
2

6
7
.5

4
7

6
.1

3
G

d
7
2

.0
6
1

1
3
.5

3
7

7
2
.3

3
7

1
.3

4
6
8
.5

4
7

1
3
.5

6
0

6
9
.1

9
1

4
.4

8
6
4
.0

3
5

1
3
.5

6
8

6
4
.8

8
5

8
.7

9
T

b
7
1

.8
2
9

1
3
.5

4
0

7
2
.1

6
1

1
.5

1
6
7
.7

8
8

1
3
.5

6
4

6
8
.6

4
2

5
.0

3
6
2
.5

9
0

1
3
.5

7
5

6
3
.6

6
3

1
0
.0

1
D

y
7
1

.1
9
0

1
3
.5

4
7

7
1
.6

5
3

2
.0

2
6
6
.2

1
6

1
3
.5

7
2

6
7
.3

6
1

6
.3

1
6
0
.0

7
5

1
3
.5

8
4

6
1
.4

6
4

1
2
.2

1
H

o
7
1

.2
9
7

1
3
.5

4
6

7
1
.7

3
2

1
.9

4
6
6
.5

3
6

1
3
.5

7
0

6
7
.6

0
7

6
.0

7
6
0
.6

5
6

1
3
.5

8
1

6
1
.9

4
5

1
1
.7

3
E

r
7
1

.1
7
5

1
3
.5

4
7

7
1
.6

4
2

2
.0

3
6
6
.1

8
2

1
3
.5

7
2

6
7
.3

3
3

6
.3

4
6
0
.0

2
4

1
3
.5

8
5

6
1
.4

1
9

1
2
.2

6
T

m
7
0

.9
7
6

1
3
.5

4
9

7
1
.4

8
6

2
.1

9
6
5
.7

2
1

1
3
.5

7
4

6
6
.9

5
8

6
.7

2
5
9
.3

2
7

1
3
.5

8
7

6
0
.8

0
5

1
2
.8

7
Y

b
7
1

.4
1
5

1
3
.5

4
3

7
1
.7

9
7

1
.8

8
6
7
.1

7
1

1
3
.5

6
5

6
8
.0

5
6

5
.6

2
6
2
.0

9
2

1
3
.5

7
2

6
3
.0

7
9

1
0
.6

0
L
u

7
1

.1
8
7

1
3
.5

4
7

7
1
.6

5
2

2
.0

2
6
6
.1

9
3

1
3
.5

7
2

6
7
.3

4
6

6
.3

3
6
0
.0

2
1

1
3
.5

8
5

6
1
.4

2
4

1
2
.2

5
H

f
7
0

.6
0
5

1
3
.5

5
5

7
1
.2

3
7

2
.4

4
6
4
.5

0
0

1
3
.5

8
2

6
6
.0

7
2

7
.6

0
5
7
.0

0
3

1
3
.6

0
1

5
9
.0

7
7

1
4
.6

0
T

a
7
0

.4
9
7

1
3
.5

5
8

7
1
.2

0
6

2
.4

7
6
3
.8

0
3

1
3
.5

8
8

6
5
.6

4
8

8
.0

3
5
5
.3

6
0

1
3
.6

0
8

5
7
.9

5
8

1
5
.7

2
W

7
1

.6
9
9

1
3
.5

4
5

7
2
.1

3
6

1
.5

4
6
6
.5

4
9

1
3
.5

7
5

6
7
.8

2
5

5
.8

5
5
9
.5

1
0

1
3
.5

9
7

6
1
.3

9
6

1
2
.2

8
R

e
7
1

.5
0
6

1
3
.5

4
9

7
2
.0

2
5

1
.6

5
6
5
.6

7
5

1
3
.5

8
2

6
7
.2

3
0

6
.4

4
5
7
.6

5
0

1
3
.6

0
6

6
0
.1

5
0

1
3
.5

2
O

s
7
1

.4
8
4

1
3
.5

5
0

7
2
.0

3
3

1
.6

4
6
5
.3

9
1

1
3
.5

8
4

6
7
.0

6
6

6
.6

1
5
6
.9

4
4

1
3
.6

0
9

5
9
.6

9
4

1
3
.9

8
Ir

7
1

.3
5
5

1
3
.5

5
2

7
1
.9

3
2

1
.7

4
6
5
.1

0
7

1
3
.5

8
6

6
6
.8

4
1

6
.8

3
5
6
.5

1
9

1
3
.6

1
0

5
9
.3

3
6

1
4
.3

4
P

t
7
0

.2
1
7

1
3
.5

6
3

7
1
.1

9
1

2
.4

8
6
2
.1

2
4

1
3
.6

0
2

6
4
.8

0
5

8
.8

7
5
1
.5

5
4

1
3
.6

2
6

5
5
.5

3
1

1
8
.1

4
A

u
7
0

.7
8
3

1
3
.5

5
8

7
1
.5

2
1

2
.1

5
6
3
.6

0
8

1
3
.5

9
5

6
5
.7

4
3

7
.9

3
5
4
.0

1
5

1
3
.6

1
8

5
7
.3

9
0

1
6
.2

8
H

g
7
0

.4
0
3

1
3
.5

5
9

7
1
.1

6
2

2
.5

1
6
3
.3

6
6

1
3
.5

9
2

6
5
.3

7
6

8
.3

0
5
4
.4

1
5

1
3
.6

1
1

5
7
.3

0
9

1
6
.3

7
T

l
7
0

.5
5
2

1
3
.5

5
7

7
1
.2

6
1

2
.4

1
6
3
.8

0
4

1
3
.5

8
9

6
5
.6

8
4

7
.9

9
5
5
.1

9
9

1
3
.6

0
9

5
7
.9

0
2

1
5
.7

7
P

b
6
9

.8
6
3

1
3
.5

6
3

7
0
.8

2
9

2
.8

5
6
2
.0

8
7

1
3
.5

9
9

6
4
.4

2
3

9
.2

5
5
2
.4

4
9

1
3
.6

1
7

5
5
.7

0
3

1
7
.9

7
B

i
6
8

.8
5
5

1
3
.5

6
9

7
0
.1

0
8

3
.5

7
5
9
.8

8
0

1
3
.6

0
5

6
2
.8

7
4

1
0
.8

0
4
9
.3

1
1

1
3
.6

2
4

5
3
.0

5
3

2
0
.6

2
P

o
6
8

.5
6
5

1
3
.5

7
1

6
9
.8

9
2

3
.7

8
5
9
.3

3
8

1
3
.6

0
6

6
2
.4

3
9

1
1
.2

4
4
8
.6

8
8

1
3
.6

2
5

5
2
.4

4
5

2
1
.2

3
R

n
7
3

.6
6
6

1
3
.5

1
0

7
3
.6

8
0

-0
.0

1
7
3
.6

5
0

1
3
.5

1
0

7
3
.6

6
4

0
.0

1
7
3
.6

3
0

1
3
.5

1
0

7
3
.6

4
5

0
.0

3
R

a
6
8

.0
7
1

1
3
.5

7
2

6
9
.4

4
4

4
.2

3
5
9
.0

5
6

1
3
.6

0
5

6
1
.9

4
0

1
1
.7

4
4
9
.5

3
7

1
3
.6

1
5

5
2
.4

5
8

2
1
.2

2
A

c
6
3

.6
5
3

1
3
.5

9
9

6
6
.7

0
0

6
.9

8
4
9
.4

7
7

1
3
.6

3
4

5
5
.1

5
9

1
8
.5

2
3
6
.7

0
9

1
3
.6

4
7

4
1
.8

0
4

3
1
.8

7
T

h
6
8

.3
3
1

1
3
.5

7
0

6
9
.5

8
9

4
.0

9
5
9
.8

9
9

1
3
.6

0
1

6
2
.4

7
5

1
1
.2

0
5
1
.1

3
4

1
3
.6

0
9

5
3
.6

2
5

2
0
.0

5
P

a
7
1

.6
7
0

1
3
.5

3
6

7
1
.9

3
3

1
.7

4
6
8
.7

5
2

1
3
.5

4
8

6
9
.1

7
7

4
.5

0
6
5
.7

7
3

1
3
.5

4
6

6
6
.1

1
5

7
.5

6
U

7
3

.5
5
1

1
3
.5

1
9

7
3
.6

0
3

0
.0

7
7
2
.3

2
7

1
3
.5

3
0

7
2
.5

0
1

1
.1

7
7
0
.3

1
3

1
3
.5

3
8

7
0
.5

7
0

3
.1

1



   

 67

Si
/M

o
R(

M
o)

 =
74

.9
7

ca
p 

= 
2 

nm
ca

p 
= 

3 
nm

ca
p 

= 
4 

nm
Fo

rm
ul

a
De

ns
ity

De
lta

Be
ta

R(
%

) a
t 1

3.
5 

nm
λ 

m
ax

 (n
m

)
Rm

ax
R(

M
o)

 - 
Rm

ax
R(

%
) a

t 1
3.

5 
nm

λ 
m

ax
 (n

m
)

Rm
ax

R(
M

o)
-R

m
ax

R(
%

) a
t 1

3.
5 

nm
λ

m
ax

 (n
m

)
Rm

ax
R(

M
o)

-R
m

ax

Ag
Br

6.
47

3
0.

04
46

0.
03

33
59

.4
9

13
.5

37
59

.6
4

15
.3

3
54

.4
0

13
.4

7
54

.4
6

20
.5

2
52

.5
5

13
.3

9
53

.3
7

21
.6

0
Al

As
3.

81
0

0.
00

49
0.

02
43

63
.3

3
13

.5
08

63
.3

4
11

.6
3

60
.5

1
13

.4
6

60
.6

6
14

.3
1

59
.9

4
13

.4
3

60
.3

6
14

.6
1

Al
2O

3
3.

97
0

0.
03

21
0.

03
90

57
.1

6
13

.5
28

57
.2

4
17

.7
3

52
.0

6
13

.4
3

52
.3

5
22

.6
2

50
.5

5
13

.3
7

51
.8

4
23

.1
3

Al
P

2.
42

0
0.

00
63

0.
01

38
68

.1
1

13
.5

13
68

.1
3

6.
84

66
.2

9
13

.4
9

66
.3

1
8.

66
65

.8
8

13
.4

7
65

.9
5

9.
02

B4
C

2.
52

0
0.

03
62

0.
00

51
72

.1
5

13
.5

28
72

.2
9

2.
68

70
.6

6
13

.5
2

70
.7

5
4.

22
69

.9
3

13
.5

1
69

.9
4

5.
03

Be
O

3.
01

0
0.

04
10

0.
01

73
66

.4
0

13
.5

31
66

.5
4

8.
43

63
.1

5
13

.5
1

63
.1

5
11

.8
2

61
.8

4
13

.4
7

61
.9

3
13

.0
5

BN
2.

25
0

0.
03

73
0.

00
88

70
.3

6
13

.5
28

70
.5

0
4.

47
68

.3
2

13
.5

2
68

.3
6

6.
61

67
.4

1
13

.5
0

67
.4

1
7.

56
C

22
H

10
N

2O
5

1.
43

0
0.

02
67

0.
00

63
71

.6
1

13
.5

24
71

.7
2

3.
25

70
.1

8
13

.5
2

70
.2

2
4.

75
69

.5
9

13
.5

0
69

.5
9

5.
38

C
3H

6
0.

90
0

0.
02

00
0.

00
26

73
.4

7
13

.5
22

73
.5

6
1.

41
72

.7
0

13
.5

2
72

.7
5

2.
22

72
.3

5
13

.5
1

72
.3

8
2.

60
C

5H
8O

2
1.

19
0

0.
02

43
0.

00
56

71
.9

5
13

.5
23

72
.0

5
2.

92
70

.6
7

13
.5

2
70

.7
0

4.
27

70
.1

4
13

.5
0

70
.1

4
4.

83
C

16
H

14
O

3
1.

20
0

0.
02

34
0.

00
49

72
.3

3
13

.5
23

72
.4

2
2.

55
71

.1
7

13
.5

2
71

.2
0

3.
77

70
.6

8
13

.5
1

70
.6

9
4.

28
C

16
H

14
O

3
1.

20
0

0.
02

34
0.

00
49

72
.3

3
13

.5
23

72
.4

2
2.

55
71

.1
7

13
.5

2
71

.2
0

3.
77

70
.6

8
13

.5
1

70
.6

9
4.

28
C

10
H

8O
4

1.
40

0
0.

02
68

0.
00

68
71

.3
6

13
.5

24
71

.4
7

3.
50

69
.8

6
13

.5
2

69
.8

9
5.

08
69

.2
4

13
.5

0
69

.2
4

5.
73

C
2F

4
2.

20
0

0.
03

76
0.

02
02

65
.0

9
13

.5
3

65
.2

2
9.

75
61

.6
1

13
.5

0
61

.6
1

13
.3

6
60

.3
0

13
.4

6
60

.4
8

14
.4

9
C

8H
7C

l
1.

29
0

0.
02

15
0.

00
36

72
.9

8
13

.5
23

73
.0

7
1.

90
72

.0
4

13
.5

2
72

.0
8

2.
89

71
.6

3
13

.5
1

71
.6

5
3.

32
C

8H
8

1.
11

0
0.

02
22

0.
00

34
73

.0
9

13
.5

23
73

.1
9

1.
78

72
.1

7
13

.5
2

72
.2

2
2.

75
71

.7
7

13
.5

1
71

.7
8

3.
19

C
aF

2
3.

18
0

0.
04

28
0.

02
09

64
.7

8
13

.5
33

64
.9

3
10

.0
4

61
.0

6
13

.5
0

61
.0

6
13

.9
2

59
.5

8
13

.4
5

59
.7

6
15

.2
1

C
dW

O
4

7.
90

0
0.

06
03

0.
03

45
59

.0
8

13
.5

49
59

.3
5

15
.6

2
53

.3
2

13
.4

9
53

.3
2

21
.6

5
50

.8
7

13
.3

9
51

.6
6

23
.3

1
C

dS
4.

82
6

0.
03

89
0.

02
57

62
.6

6
13

.5
31

62
.7

8
12

.1
9

58
.5

2
13

.4
9

58
.5

4
16

.4
3

57
.0

3
13

.4
3

57
.4

2
17

.5
5

C
oS

i2
5.

30
0

0.
02

14
0.

02
22

64
.2

0
13

.5
21

64
.2

6
10

.7
1

61
.0

1
13

.4
8

61
.0

5
13

.9
2

60
.0

9
13

.4
4

60
.3

9
14

.5
8

C
r2

O
3

5.
21

0
0.

06
37

0.
03

33
59

.6
0

13
.5

5
59

.8
9

15
.0

8
53

.8
4

13
.5

0
53

.8
4

21
.1

3
51

.2
8

13
.4

0
51

.9
6

23
.0

1
C

sI
4.

51
0

-0
.0

02
7

0.
05

02
52

.8
9

13
.4

77
52

.9
1

22
.0

6
48

.5
4

13
.3

5
50

.0
0

24
.9

7
48

.0
0

13
.3

4
50

.1
0

24
.8

7
C

uI
5.

63
0

0.
01

71
0.

05
72

50
.3

1
13

.5
05

50
.3

2
24

.6
5

44
.7

1
13

.3
3

46
.2

8
28

.6
9

43
.6

0
13

.3
1

46
.4

5
28

.5
2

In
N

6.
88

0
0.

07
26

0.
06

29
48

.7
1

13
.5

76
49

.2
5

25
.7

2
40

.3
4

13
.3

6
40

.7
2

34
.2

5
36

.9
8

13
.2

7
40

.5
9

34
.3

8
In

2O
3

7.
17

9
0.

07
94

0.
06

74
47

.3
2

13
.5

85
47

.9
9

26
.9

8
38

.4
2

13
.3

4
38

.8
1

36
.1

6
34

.7
3

13
.2

6
38

.8
3

36
.1

4
In

Sb
5.

77
5

0.
05

11
0.

05
68

50
.6

0
13

.5
54

50
.8

3
24

.1
5

43
.5

0
13

.3
6

44
.1

8
30

.7
9

41
.1

2
13

.3
0

44
.0

8
30

.8
9

G
aA

s
5.

31
6

0.
01

21
0.

02
95

61
.0

6
13

.5
12

61
.0

7
13

.9
0

57
.5

1
13

.4
4

57
.7

4
17

.2
3

56
.7

0
13

.4
1

57
.3

8
17

.5
9

G
aN

6.
10

0
0.

03
17

0.
03

85
57

.3
6

13
.5

28
57

.4
5

17
.5

3
52

.3
3

13
.4

3
52

.6
1

22
.3

7
50

.8
3

13
.3

7
52

.0
9

22
.8

8
G

aP
4.

13
0

0.
01

43
0.

01
98

65
.3

0
13

.5
17

65
.3

2
9.

65
62

.5
9

13
.4

8
62

.6
3

12
.3

4
61

.8
9

13
.4

5
62

.1
1

12
.8

6
Li

F
2.

63
5

0.
04

56
0.

03
57

58
.5

2
13

.5
38

58
.6

8
16

.2
9

53
.1

8
13

.4
6

53
.2

5
21

.7
2

51
.2

5
13

.3
8

52
.2

3
22

.7
4

Li
H

0.
78

3
0.

01
74

0.
01

41
67

.9
2

13
.5

2
67

.9
9

6.
98

65
.7

5
13

.5
0

65
.7

6
9.

21
65

.1
1

13
.4

7
65

.1
7

9.
80

Li
O

H
1.

43
0

0.
02

81
0.

01
66

66
.6

9
13

.5
25

66
.7

9
8.

18
63

.9
1

13
.5

0
63

.9
1

11
.0

6
62

.9
5

13
.4

7
63

.0
5

11
.9

2
M

gO
3.

58
0

0.
03

58
0.

04
65

54
.2

7
13

.5
32

54
.3

6
20

.6
1

48
.4

7
13

.3
9

48
.9

8
25

.9
9

46
.7

5
13

.3
4

48
.6

8
26

.2
9

M
g2

Si
1.

94
0

0.
00

58
0.

02
01

65
.1

8
13

.5
1

65
.1

9
9.

78
62

.7
1

13
.4

7
62

.7
8

12
.1

9
62

.1
8

13
.4

5
62

.4
3

12
.5

4
KA

l3
Si

3O
12

H
2

2.
83

0
0.

02
80

0.
01

91
65

.5
6

13
.5

25
65

.6
5

9.
32

62
.5

0
13

.4
9

62
.5

0
12

.4
7

61
.4

8
13

.4
6

61
.6

5
13

.3
2

M
nO

5.
44

0
0.

06
14

0.
02

88
61

.4
4

13
.5

46
61

.7
1

13
.2

6
56

.2
3

13
.5

1
56

.2
3

18
.7

4
53

.8
9

13
.4

2
54

.3
1

20
.6

6
M

nO
2

5.
03

0
0.

06
33

0.
02

96
61

.1
1

13
.5

48
61

.4
0

13
.5

7
55

.7
5

13
.5

1
55

.7
5

19
.2

2
53

.3
1

13
.4

2
53

.7
6

21
.2

1
M

oO
2

6.
47

0
0.

06
59

0.
01

68
66

.6
6

13
.5

43
66

.9
4

8.
03

62
.7

6
13

.5
3

62
.8

8
12

.1
0

60
.7

3
13

.4
9

60
.7

5
14

.2
2

M
oO

3
4.

69
0

0.
05

20
0.

01
53

67
.3

3
13

.5
36

67
.5

2
7.

45
64

.0
2

13
.5

2
64

.0
8

10
.8

9
62

.4
7

13
.4

8
62

.5
0

12
.4

7
M

oS
i2

6.
31

0
0.

03
07

0.
00

43
72

.5
7

13
.5

26
72

.6
9

2.
28

71
.3

2
13

.5
2

71
.4

1
3.

56
70

.7
3

13
.5

1
70

.7
5

4.
22

N
aC

l
2.

16
5

0.
01

90
0.

01
64

66
.8

3
13

.5
2

66
.9

0
8.

07
64

.3
5

13
.4

9
64

.3
6

10
.6

1
63

.6
1

13
.4

7
63

.7
3

11
.2

4
N

iO
6.

67
0

0.
05

67
0.

05
50

51
.2

9
13

.5
6

51
.5

7
23

.4
0

44
.0

5
13

.3
8

44
.4

9
30

.4
8

41
.4

5
13

.3
0

44
.2

0
30

.7
7

N
i2

Si
7.

20
0

0.
03

44
0.

04
86

53
.4

9
13

.5
31

53
.5

8
21

.4
0

47
.6

1
13

.3
8

48
.2

5
26

.7
2

45
.9

3
13

.3
3

48
.0

5
26

.9
2

R
u2

Si
3

6.
96

0
0.

04
59

0.
00

84
70

.5
7

13
.5

32
70

.7
4

4.
23

68
.3

8
13

.5
2

68
.4

8
6.

49
67

.3
0

13
.5

0
67

.3
0

7.
67

Si
C

3.
21

7
0.

01
78

0.
00

48
72

.4
0

13
.5

21
72

.4
8

2.
49

71
.3

8
13

.5
1

71
.4

0
3.

57
70

.9
9

13
.5

1
71

.0
0

3.
97

Si
3N

4
3.

44
0

0.
02

69
0.

00
93

70
.1

4
13

.5
24

70
.2

4
4.

73
68

.3
0

13
.5

1
68

.3
1

6.
66

67
.6

0
13

.4
9

67
.6

0
7.

37
Si

O
2

2.
20

0
0.

02
20

0.
01

08
69

.4
6

13
.5

22
69

.5
5

5.
43

67
.5

6
13

.5
1

67
.5

6
7.

41
66

.9
1

13
.4

9
66

.9
3

8.
04

Si
O

2
2.

65
0

0.
02

65
0.

01
30

68
.4

0
13

.5
24

68
.5

0
6.

47
66

.1
0

13
.5

0
66

.1
1

8.
86

65
.2

9
13

.4
8

65
.3

4
9.

63
Ta

N
16

.3
00

0.
07

40
0.

04
36

55
.6

2
13

.5
64

56
.0

9
18

.8
9

48
.5

4
13

.5
0

48
.5

4
26

.4
4

45
.3

1
13

.3
4

46
.7

5
28

.2
2

Ti
N

5.
22

0
0.

06
51

0.
01

92
65

.5
8

13
.5

44
65

.8
5

9.
12

61
.3

8
13

.5
3

61
.4

7
13

.5
0

59
.2

6
13

.4
7

59
.3

2
15

.6
6

Ta
2S

i
14

.0
00

0.
04

50
0.

03
26

59
.7

6
13

.5
37

59
.9

2
15

.0
5

54
.7

3
13

.4
7

54
.7

7
20

.2
0

52
.8

8
13

.4
0

53
.6

5
21

.3
2

Ti
O

2
4.

26
0

0.
05

84
0.

02
25

64
.1

1
13

.5
42

64
.3

5
10

.6
2

59
.7

1
13

.5
2

59
.7

3
15

.2
4

57
.6

8
13

.4
5

57
.8

5
17

.1
2

Si
.9

25
Ti

.0
75

O
2

2.
20

5
0.

02
28

0.
01

09
69

.4
1

13
.5

23
69

.4
9

5.
48

67
.4

7
13

.5
1

67
.4

7
7.

50
66

.8
0

13
.4

9
66

.8
2

8.
15

U
O

2
10

.9
60

0.
03

93
0.

01
50

67
.4

2
13

.5
3

67
.5

6
7.

41
64

.5
0

13
.5

1
64

.5
1

10
.4

6
63

.3
1

13
.4

8
63

.3
6

11
.6

1
H

2O
1.

00
0

0.
02

20
0.

00
77

70
.9

3
13

.5
23

71
.0

2
3.

95
69

.4
1

13
.5

1
69

.4
3

5.
54

68
.8

6
13

.5
0

68
.8

6
6.

11
Si

.5
6A

l.5
P.

16
Li

.0
4T

i.0
2Z

r.0
2Z

n.
03

O
2.

46
2.

53
0

0.
02

51
0.

01
69

66
.5

7
13

.5
23

66
.6

5
8.

32
63

.8
4

13
.4

9
63

.8
5

11
.1

2
62

.9
5

13
.4

7
63

.0
7

11
.9

0
Zn

O
5.

67
5

0.
03

68
0.

04
50

54
.8

5
13

.5
33

54
.9

5
20

.0
2

49
.1

2
13

.4
0

49
.5

4
25

.4
3

47
.3

8
13

.3
4

49
.1

8
25

.8
0

Zn
S

4.
07

9
0.

01
95

0.
02

36
67

.9
3

13
.5

22
71

.7
6

3.
21

60
.3

2
13

.4
7

60
.3

8
14

.5
9

59
.4

2
13

.4
4

59
.7

8
15

.1
9

Zr
O

2
5.

60
0

0.
05

37
0.

01
47

66
.6

7
13

.5
34

71
.2

7
3.

70
64

.2
9

13
.5

2
64

.3
6

10
.6

1
62

.7
2

13
.4

9
62

.7
5

12
.2

3
Y2

O
3

5.
01

0.
04

28
0.

01
11

70
.6

5
13

.5
3

70
.8

0
4.

17
68

.1
3

13
.5

2
68

.1
7

6.
80

66
.9

8
13

.4
9

66
.9

9
7.

98
R

uO
2

6.
97

0.
07

93
0.

02
15

65
.9

7
13

.5
5

66
.3

4
8.

63
61

.0
3

13
.5

4
61

.1
7

13
.8

0
58

.2
4

13
.4

7
58

.3
0

16
.6

7
R

uO
4

3.
29

0.
04

19
0.

01
36

69
.4

4
13

.5
3

69
.5

8
5.

39
66

.5
9

13
.5

1
66

.6
0

8.
37

65
.3

5
13

.4
8

65
.3

8
9.

59
C

o2
O

3
5.

18
0.

05
51

0.
04

01
57

.9
5

13
.5

5
58

.2
0

16
.7

7
51

.7
2

13
.4

6
51

.7
9

23
.1

8
49

.2
4

13
.3

4
50

.6
7

24
.3

1
C

o3
O

4
6.

07
0.

06
30

0.
04

69
55

.4
0

13
.5

6
55

.7
7

19
.2

0
48

.3
0

13
.4

4
48

.3
9

26
.5

8
45

.3
7

13
.3

1
47

.4
3

27
.5

4



   

 68

 

R
(S

i)
 =

 
73

.6
75

R
(S

i)
 =

73
.6

75
R

(S
i) 

=
73

.6
75

ca
p

 =
 2

 n
m

ca
p

 =
 3

 n
m

ca
p 

= 
4 

n
m

C
o

m
p

o
u

n
d

D
en

si
ty

D
el

ta
B

et
a

R
(%

) 
at

 1
3.

5 
n

m
λ

 m
ax

 (
n

m
)

R
m

ax
R

(S
i)

 -
 R

m
ax

R
(%

) a
t 

13
.5

 n
m

λ
 m

ax
 (

n
m

)
R

m
ax

R
(S

i)
 - 

R
m

ax
R

(%
) 

at
 1

3.
5 

n
m

λ
 m

ax
 (

n
m

)
R

m
ax

R
(S

i)
 -

 R
m

ax

A
gB

r
6.

47
3

0.
04

46
0.

03
33

70
.9

3
13

.5
5

71
.5

0
2.

18
65

.1
8

13
.5

8
66

.6
3

7.
04

57
.9

2
13

.6
0

59
.8

2
13

.8
6

A
lA

s
3.

81
0

0.
00

49
0.

02
43

70
.7

0
13

.5
5

71
.2

1
2.

46
65

.6
6

13
.5

7
66

.7
7

6.
90

60
.0

3
13

.5
8

61
.1

5
12

.5
3

A
l2

O
3

3.
97

0
0.

03
21

0.
03

90
69

.8
6

13
.5

6
70

.7
3

2.
94

62
.8

2
13

.5
9

64
.7

5
8.

92
54

.5
5

13
.6

1
56

.9
6

16
.7

2
A

lP
2.

42
0

0.
00

63
0.

01
38

72
.0

7
13

.5
3

72
.3

0
1.

37
69

.1
7

13
.5

5
69

.6
2

4.
05

65
.7

5
13

.5
5

66
.2

3
7.

45
B

4C
2.

52
0

0.
03

62
0.

00
51

74
.0

5
13

.5
1

74
.0

7
-0

.4
0

73
.4

9
13

.5
2

73
.5

9
0.

09
72

.1
5

13
.5

3
72

.3
2

1.
36

B
eO

3.
01

0
0.

04
10

0.
01

73
72

.7
1

13
.5

3
72

.9
1

0.
77

69
.7

9
13

.5
5

70
.3

1
3.

37
65

.6
4

13
.5

7
66

.4
3

7.
24

B
N

2.
25

0
0.

03
73

0.
00

88
73

.6
3

13
.5

2
73

.6
8

-0
.0

1
72

.3
2

13
.5

3
72

.5
1

1.
16

70
.0

8
13

.5
4

70
.3

8
3.

29
C

22
H

10
N

2O
5

1.
43

0
0.

02
67

0.
00

63
73

.6
4

13
.5

2
73

.6
8

0.
00

72
.6

7
13

.5
3

72
.8

1
0.

87
71

.0
2

13
.5

3
71

.2
2

2.
45

C
3H

6
0.

90
0

0.
02

00
0.

00
26

73
.9

1
13

.5
1

73
.9

3
-0

.2
5

73
.6

2
13

.5
2

73
.6

7
0.

01
72

.9
1

13
.5

2
73

.0
0

0.
68

C
5H

8O
2

1.
19

0
0.

02
43

0.
00

56
73

.6
5

13
.5

2
73

.6
9

-0
.0

1
72

.7
9

13
.5

3
72

.9
1

0.
77

71
.3

0
13

.5
3

71
.4

8
2.

20
C

16
H

14
O

3
1.

20
0

0.
02

34
0.

00
49

73
.7

2
13

.5
1

73
.7

5
-0

.0
8

73
.0

0
13

.5
2

73
.1

1
0.

57
71

.7
0

13
.5

3
71

.8
6

1.
82

C
16

H
14

O
3

1.
20

0
0.

02
34

0.
00

49
73

.7
2

13
.5

1
73

.7
5

-0
.0

8
73

.0
0

13
.5

2
73

.1
1

0.
57

71
.7

0
13

.5
3

71
.8

6
1.

82
C

10
H

8O
4

1.
40

0
0.

02
68

0.
00

68
73

.5
8

13
.5

2
73

.6
2

0.
05

72
.5

0
13

.5
3

72
.6

6
1.

02
70

.7
3

13
.5

4
70

.9
5

2.
73

C
2F

4
2.

20
0

0.
03

76
0.

02
02

72
.2

6
13

.5
4

72
.5

2
1.

15
68

.7
2

13
.5

6
69

.4
4

4.
23

63
.9

5
13

.5
7

64
.9

1
8.

77
C

8H
7C

l
1.

29
0

0.
02

15
0.

00
36

73
.8

3
13

.5
1

73
.8

5
-0

.1
8

73
.3

6
13

.5
2

73
.4

4
0.

24
72

.3
9

13
.5

3
72

.5
1

1.
17

C
8H

8
1.

11
0

0.
02

22
0.

00
34

73
.8

8
13

.5
1

73
.9

0
-0

.2
3

73
.4

7
13

.5
2

73
.5

2
0.

15
72

.5
7

13
.5

2
72

.6
8

1.
00

C
aF

2
3.

18
0

0.
04

28
0.

02
09

72
.3

3
13

.5
4

72
.6

0
1.

08
68

.7
7

13
.5

6
69

.5
1

4.
17

63
.8

7
13

.5
7

64
.8

9
8.

79
C

dW
O

4
7.

90
0

0.
06

03
0.

03
45

71
.3

1
13

.5
5

71
.8

2
1.

86
65

.7
3

13
.5

8
67

.1
5

6.
52

58
.3

7
13

.6
0

60
.4

7
13

.2
1

C
dS

4.
82

6
0.

03
89

0.
02

57
71

.6
4

13
.5

4
72

.0
3

1.
65

67
.0

9
13

.5
7

68
.1

2
5.

56
61

.2
1

13
.5

8
62

.5
4

11
.1

4
C

oS
i2

5.
30

0
0.

02
14

0.
02

22
71

.5
0

13
.5

4
71

.8
8

1.
80

67
.2

3
13

.5
7

68
.1

3
5.

54
61

.9
9

13
.5

7
63

.0
5

10
.6

3
C

r2
O

3
5.

21
0

0.
06

37
0.

03
33

71
.5

6
13

.5
5

72
.0

2
1.

66
66

.2
7

13
.5

8
67

.5
9

6.
09

59
.1

4
13

.6
0

61
.0

6
12

.6
2

C
sI

4.
51

0
-0

.0
02

7
0.

05
02

67
.2

7
13

.5
8

68
.8

8
4.

79
57

.4
5

13
.6

1
60

.6
9

12
.9

8
47

.5
9

13
.6

2
50

.6
3

23
.0

4
C

uI
5.

63
0

0.
01

71
0.

05
72

67
.2

2
13

.5
8

68
.9

2
4.

76
56

.8
6

13
.6

1
60

.4
5

13
.2

2
45

.9
9

13
.6

3
49

.7
2

23
.9

5
In

N
6.

88
0

0.
07

26
0.

06
29

68
.6

6
13

.5
7

70
.0

2
3.

66
59

.0
9

13
.6

1
62

.4
2

11
.2

5
47

.7
0

13
.6

3
52

.0
4

21
.6

4
In

2O
3

7.
17

9
0.

07
94

0.
06

74
68

.4
4

13
.5

7
69

.8
9

3.
78

58
.4

7
13

.6
1

62
.0

2
11

.6
5

46
.6

1
13

.6
4

51
.3

0
22

.3
8

In
S

b
5.

77
5

0.
05

11
0.

05
68

68
.5

3
13

.5
7

69
.8

8
3.

80
59

.2
2

13
.6

1
62

.3
7

11
.3

1
48

.4
3

13
.6

3
52

.2
8

21
.3

9
G

aA
s

5.
31

6
0.

01
21

0.
02

95
70

.3
0

13
.5

6
70

.9
4

2.
74

64
.4

4
13

.5
8

65
.8

6
7.

82
57

.8
0

13
.5

9
59

.3
1

14
.3

6
G

aN
6.

10
0

0.
03

17
0.

03
85

69
.9

0
13

.5
6

70
.7

6
2.

91
62

.9
4

13
.5

9
64

.8
4

8.
84

54
.7

5
13

.6
1

57
.1

2
16

.5
6

G
aP

4.
13

0
0.

01
43

0.
01

98
71

.5
7

13
.5

4
71

.9
1

1.
76

67
.6

1
13

.5
6

68
.4

0
5.

27
62

.8
7

13
.5

7
63

.7
5

9.
92

Li
F

2.
63

5
0.

04
56

0.
03

57
70

.6
9

13
.5

5
71

.3
2

2.
36

64
.5

5
13

.5
8

66
.1

5
7.

52
56

.8
8

13
.6

0
59

.0
6

14
.6

1
Li

H
0.

78
3

0.
01

74
0.

01
41

72
.3

8
13

.5
3

72
.5

9
1.

09
69

.6
4

13
.5

5
70

.0
8

3.
60

66
.1

5
13

.5
6

66
.6

7
7.

01
Li

O
H

1.
43

0
0.

02
81

0.
01

66
72

.3
9

13
.5

3
72

.6
2

1.
06

69
.3

4
13

.5
5

69
.8

7
3.

81
65

.2
9

13
.5

6
66

.0
2

7.
66

M
gO

3.
58

0
0.

03
58

0.
04

65
69

.1
3

13
.5

7
70

.2
4

3.
44

60
.9

6
13

.6
0

63
.5

1
10

.1
6

51
.5

3
13

.6
1

54
.5

4
19

.1
4

M
g2

S
i

1.
94

0
0.

00
58

0.
02

01
71

.2
5

13
.5

4
71

.6
4

2.
04

67
.0

5
13

.5
6

67
.9

0
5.

78
62

.2
5

13
.5

7
63

.1
2

10
.5

6
K

A
l3

S
i3

O
12

H
2

2.
83

0
0.

02
80

0.
01

91
72

.0
8

13
.5

4
72

.3
6

1.
31

68
.5

5
13

.5
6

69
.2

5
4.

43
63

.9
6

13
.5

7
64

.8
4

8.
84

M
nO

5.
44

0
0.

06
14

0.
02

88
71

.9
9

13
.5

4
72

.3
5

1.
32

67
.4

2
13

.5
7

68
.4

9
5.

19
61

.0
8

13
.5

9
62

.6
6

11
.0

2
M

nO
2

5.
03

0
0.

06
33

0.
02

96
71

.9
6

13
.5

4
72

.3
3

1.
34

67
.2

9
13

.5
7

68
.4

0
5.

28
60

.8
2

13
.5

9
62

.4
6

11
.2

2
M

oO
2

6.
47

0
0.

06
59

0.
01

68
73

.5
0

13
.5

3
73

.6
2

0.
05

71
.1

7
13

.5
5

71
.5

7
2.

10
67

.2
6

13
.5

6
68

.0
4

5.
64

M
oO

3
4.

69
0

0.
05

20
0.

01
53

73
.2

8
13

.5
3

73
.4

1
0.

26
70

.9
7

13
.5

5
71

.3
5

2.
32

67
.3

1
13

.5
6

67
.9

9
5.

69
M

oS
i2

6.
31

0
0.

03
07

0.
00

43
74

.0
0

13
.5

1
74

.0
2

-0
.3

4
73

.5
1

13
.5

2
73

.6
0

0.
08

72
.3

7
13

.5
3

72
.5

1
1.

17
N

aC
l

2.
16

5
0.

01
90

0.
01

64
72

.1
4

13
.5

4
72

.3
9

1.
29

68
.9

6
13

.5
6

69
.5

0
4.

17
64

.9
5

13
.5

6
65

.6
4

8.
03

N
iO

6.
67

0
0.

05
67

0.
05

50
68

.9
3

13
.5

7
70

.1
6

3.
51

60
.0

4
13

.6
1

63
.0

0
10

.6
8

49
.5

3
13

.6
2

53
.2

4
20

.4
3

N
i2

S
i

7.
20

0
0.

03
44

0.
04

86
68

.8
4

13
.5

7
70

.0
4

3.
64

60
.3

0
13

.6
0

63
.0

3
10

.6
5

50
.5

8
13

.6
2

53
.7

4
19

.9
4

R
u2

S
i3

6.
96

0
0.

04
59

0.
00

84
73

.9
3

13
.5

2
73

.9
7

-0
.2

9
72

.8
6

13
.5

3
73

.0
3

0.
65

70
.7

7
13

.5
4

71
.0

6
2.

62
S

iC
3.

21
7

0.
01

78
0.

00
48

73
.5

7
13

.5
2

73
.6

1
0.

07
72

.7
8

13
.5

2
72

.8
9

0.
79

71
.5

0
13

.5
3

71
.6

5
2.

03
S

i3
N

4
3.

44
0

0.
02

69
0.

00
93

73
.2

6
13

.5
2

73
.3

6
0.

31
71

.6
7

13
.5

4
71

.8
9

1.
78

69
.2

9
13

.5
4

69
.6

0
4.

08
S

iO
2

2.
20

0
0.

02
20

0.
01

08
72

.9
3

13
.5

3
73

.0
7

0.
61

70
.9

5
13

.5
4

71
.2

4
2.

44
68

.2
2

13
.5

5
68

.5
8

5.
09

S
iO

2
2.

65
0

0.
02

65
0.

01
30

72
.8

0
13

.5
3

72
.9

5
0.

72
70

.4
4

13
.5

4
70

.8
1

2.
87

67
.2

1
13

.5
5

67
.6

9
5.

99
T

aN
16

.3
00

0.
07

40
0.

04
36

70
.7

5
13

.5
6

71
.4

3
2.

24
64

.0
5

13
.5

9
65

.9
3

7.
75

55
.3

1
13

.6
1

58
.1

2
15

.5
5

T
iN

5.
22

0
0.

06
51

0.
01

92
73

.2
0

13
.5

3
73

.3
6

0.
31

70
.4

0
13

.5
5

70
.9

2
2.

76
65

.9
8

13
.5

7
66

.9
0

6.
77

T
a2

S
i

14
.0

00
0.

04
50

0.
03

26
71

.0
3

13
.5

5
71

.5
7

2.
11

65
.4

0
13

.5
8

66
.8

0
6.

87
58

.2
6

13
.6

0
60

.1
1

13
.5

7
T

iO
2

4.
26

0
0.

05
84

0.
02

25
72

.6
2

13
.5

3
72

.8
6

0.
81

69
.0

9
13

.5
6

69
.8

4
3.

83
63

.9
5

13
.5

8
65

.0
9

8.
59

S
i.9

25
T

i.0
75

O
2

2.
20

5
0.

02
28

0.
01

09
72

.9
5

13
.5

3
73

.0
8

0.
60

70
.9

6
13

.5
4

71
.2

5
2.

43
68

.2
0

13
.5

5
68

.5
7

5.
10

U
O

2
10

.9
60

0.
03

93
0.

01
50

72
.9

3
13

.5
3

73
.0

9
0.

58
70

.4
2

13
.5

5
70

.8
3

2.
84

66
.7

5
13

.5
6

67
.4

0
6.

27
H

2O
1.

00
0

0.
02

20
0.

00
77

73
.3

2
13

.5
2

73
.4

1
0.

27
71

.9
7

13
.5

3
72

.1
5

1.
52

69
.9

6
13

.5
4

70
.2

1
3.

47
S

i.5
6A

l.5
P

.1
6L

i.0
4T

i.0
2Z

r.
02

Z
n.

03
O

2.
46

2.
53

0
0.

02
51

0.
01

69
72

.2
6

13
.5

3
72

.5
0

1.
17

69
.0

9
13

.5
6

69
.6

4
4.

03
64

.9
7

13
.5

6
65

.7
1

7.
96

Z
nO

5.
67

5
0.

03
68

0.
04

50
69

.3
3

13
.5

7
70

.3
8

3.
29

61
.4

3
13

.6
0

63
.7

6
9.

92
52

.2
4

13
.6

1
55

.1
3

18
.5

5
Z

nS
4.

07
9

0.
01

95
0.

02
36

71
.2

6
13

.5
5

71
.6

9
1.

99
66

.6
8

13
.5

7
67

.6
8

6.
00

61
.1

6
13

.5
8

62
.3

0
11

.3
8

Z
rO

2
5.

60
0

0.
05

37
0.

01
47

73
.3

9
13

.5
2

73
.5

1
0.

16
71

.2
1

13
.5

4
71

.5
7

2.
10

67
.6

8
13

.5
6

68
.3

3
5.

34
Y

2O
3

5.
01

0.
04

28
0.

01
11

74
.9

5
13

.5
2

75
.0

4
-1

.3
7

73
.2

4
13

.5
4

73
.4

9
0.

18
70

.4
6

13
.5

5
70

.8
6

2.
82

R
uO

2
6.

97
0.

07
93

0.
02

15
74

.7
3

13
.5

3
74

.9
0

-1
.2

2
71

.7
5

13
.5

6
72

.3
1

1.
37

66
.9

2
13

.5
8

67
.9

8
5.

69
R

uO
4

3.
29

0.
04

19
0.

01
36

74
.6

2
13

.5
3

74
.7

5
-1

.0
7

72
.3

9
13

.5
5

72
.7

3
0.

94
69

.0
0

13
.5

6
69

.5
4

4.
14

C
o2

O
3

5.
18

0.
05

51
0.

04
01

71
.9

5
13

.5
6

72
.6

5
1.

02
65

.2
1

13
.5

9
67

.0
5

6.
62

56
.7

2
13

.6
1

59
.3

1
14

.3
6

C
o3

O
4

6.
07

0.
06

30
0.

04
69

71
.4

6
13

.5
6

72
.3

7
1.

30
63

.8
5

13
.6

0
66

.0
9

7.
58

54
.3

7
13

.6
2

57
.5

0
16

.1
8



   

 69

 
Appendix D 

Concerning Reactivity of Elements with Oxygen 

 

Table D1 contains useful data concerning the reactivity of various elements towards 

oxygen.164  In general, if one considers any of the transition metal series (3d, 4d, 5d) of 

the periodic table, the reactivity is greatest on the left side, and decreases for elements to 

the right. Thus, Sc, Ti, Y, Zr, La, Hf all have high heats of oxide formation (i.e., they 

bond O strongly) while elements on the right side (Ni, Cu, Pd, Ag, Pt, Au) have low heats 

of oxide formation and bind O relatively weakly. The same trend is observed for 

reactivity of metals towards carbides and nitrides.83 The heat of oxide formation is also 

the driving factor in the stability of H2O interaction with surfaces. Transition elements on 

the left side dissociate H2O aggressively, while those on the right do not: H2O adsorbs in 

molecular form on Ni, Cu, Pd, Ag, Pt, and Au. 
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Table D1. Heats of Formation of Relevant Oxides 

Useful table from V. E. Henrich and P. A. Cox, "The surface science of metal oxides" 

(Cambridge U. Press, 1994) 

 
 
(Heat of formation of oxide 
(−∆Hf in kJ per mole O) 

Elements 

0 – 50 Au, Ag. Pt 
50 – 100 Pd, Rh 
100 – 150 - 
150 - 200 Ru, Cu 
200 – 250 Re, Co, Ni 
250 – 300 Na, Fe, Mo, Sn, Ge, W 
300 – 350 Rb, Cs, Zn 
350 – 400 K, Cr, Nb, Mn 
400 – 450 V 
450 – 500 Si 
500 – 550 Ti, U, Ba, Zr 
550 – 600 Al, Sr, La, Ce 
600 – 650 Mg, Th, Ca, Sc 
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